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7. INSTRUMENTATION

An examination was made of the types of instrumentation required

Ygfloperation>of thétéolar—thermionic system) and the types of(sensors
— ... " o —

LI
e U

which would be applicable.

Figure 7-1 illustrates those instruments which are nceded for con-
trol of the system and which are useful for monitoring performance
and/or variation of operational conditions by ground command.

Techniques for measurement are available for all vital functions
with the exception of emitter temperatures. Long term stability of
thermocouples or resistance elements at emitter temperatures is poor.
Passive methods are possible to indicate when temperature levels are
passed; these include bimetallic elements, melting solids, etc. None
of these methods is sufficiently accurate for control purpeses. How-
ever, it should be possible to extrapolate emitter temperatures from

current and voltage measurcments of the converter.

Sensing of high current is easily accomplished by a small saturated

core circuit. The coil is wound around the dc lead and the current
level is sensed by modulation of the coil. Such current scnsors will
weigh a few ounces and can vperate in a relatively high temperature
enviromment . However, long term stability tests are required.

To date, cesium reservoir and radiator temperatures on converters
have been measured using thermocouples. Tt is also possible tc use
resistance elements; these devices have not yet been used with conver-
ters. The primary advantages of a resistance element are linearity
and lack of extensive backup circuitry.

A tradeoff will have t¢ be made between the amcunt of instrumenta-
tion desirable for monitoring. The weight and cabling problems asso-

ciated with a large number of instruments are further considerations.
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The instrumentation for monitoring will be determined from a
reasonable compromise between available telemetry system capacity and

the minimum number of data points desired to evaluate the thermionic

generator, concentrator, support system, and other component performance.

In some instances it may be desirable to record redundant outputs from
the same source to assurce a minimum of at least 1 data point from cer-
tain critical measurements. In general, most of the data of interest
is of a low response rate and it may be adequate to scan each output
at a low repetition rate thereby simplifying the data storage and

handling system for the vehicle.

7.1 Instrumentaticn for Various Components

This section discusses general aspects of the uses and need

for imstrumentation on several system components.

7.1.1 Generator Instrumentation

The instrumentation for the generator generally falls

into two categories, temperature measurements and voltage measurements.

The former comes directly from the output of various elements and the

latter from directly tapping off with probes in appropriate parts of
the circuit.

A typical survey of the instrumentation requirements
for the generator is summarized in iable 7-I. All interesting tempera-
tures on each of the four converters and several temperatures on the
generator assembly are indicated.

Each converter emitter utilizes a tungsten (5 percent
rhenium) - tungsten (26 percent rhenium) thermocouple. The long-term
stability of the W-Re thermocouple is such that 5 to 30 hours of life
can be anticipated. The primary limit on life is diffusion at high
temperature. W-Re thermocouples have been used in the laboratory be-
cause of relatively high voltage output and linearity at high tempera-
ture. The thermocouple material becomes rapidly embrittled, however.

All other temperatures are measured with platinum re-

sistance elements. With the %5 percent measurements, it may be possible
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to use chromel-alumel thermocouples with reference junctions with all
outputs falling in the range of U to 30 millivolts. A total of about
39 data points are shown, with a modest increasc possible if certain
critical parameters are recorded redundantly.

It might be desirable, for diagnostic purposes, to
determine the I-V curve of the generator or individual converter. It
is anticipated that a reliable, versatile load simulator can be pro-
vided using high power semiconductor diodes to sweep the I-V character-
istics of the generator. Several diodes mounted in thermal heat sinks
with adequate radiating surface arca and operating in parallel should
be suitable for this tunction. Control pewer te operate the gate network
of the dicdes can be furnished from a sequence programmer upon ground or
vehicle command. This approach appears to offer a relatively simple,
reliable load system that can cover the range from about 10 to 100 per-
cent of rated conditicns without any load carrying switches, relays, or
other electromechanical parts. Voltage probes would be provided across
the terminals of each individual converter and the generator as a whole.
A simple technique for making individual voltage mcasurements is to start
from the No. 1l converter (whose collector is connected to ground) and

sweep cach successive emitter voltage probe up to and including the total

generator. Individual converter voltages can be determined by taking
the difference between readings. Although some accuracy may be lost by

this method, the number of interconnoctions is greatly reduced and telem-

elly vapacity i1s (ousoryved.

7.1.2 Concentrator Instrumentation

It would be desirable to verify that the accuracy and
reflectance of the concentrator is maintained in space. If the thermionic
system output does not deteriorate with time, it can be inferred that
the mirror performance has not degraded. If, howcver, system power
output falls off, diagnostic information on mirror performance can pin

down the cause of failure.
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The torus-supported shell structure is conceptually
simple. Its static and dynamic response to mechanical and thermal
inputs, however, is difficult to analyze particularly when the gen-
erator support arms are included. Four types of concentrator instru-
mentation can be considered:

. Temperature sensors to determine equilibrium temperatures
and thermal g¢radients

2. Strain gages to detect bending of shcll, torus, or support
arms

3. Reflectance device to minitor mirror surface reflectance

4. Angular error detector to monitor mirror distortion.

A summary of typical instrumentation is g¢given in Table 7-I1.

7.1.2.1 Strain and Thermal Instrumentation

Deformation of the shell and torus can be
ascertained by mounting strain gages in c¢ritical locations. The

greatest effect is expected to occur near the rim of the mirror shell.

Strains can be correlated with thermal gradicnts by mounting temperature

sensors at various points on the shell and torus and by noting the
temperatures throughout the orbital cycles. Strain gages and tempera-

ture sensors would also be placed on the generator support arms to

gain some indication ot the absorber aperture misalignment and misfocus

resulting from thermal deformation of the support arms. Figure 7-2
shows typical locations of the strain gages and temperature sensors
on the shell, torus, and arms.

Each indicatoed strain gage is actually a
set of two orthogonal pairs to allow mecasurement of both tensile and
compressive strain in two directions. Temperature scnsors would be
placed immediately adjacent. The strain gages and temperature sensors
are located to provide at least the following information:

1. 7Thermal gradient from center to rim of mirror
2. Thermal gradient around torus and botween torus and shell
3. Thermal gradicnt between shadowed (by arms) arca and sunlit

area on shell

4326-Final 7-6
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e— GENERATOR

® TEMPERATURE SENSORS
® }4== STRAIN GAGES

T T

. TORUS AND SHELL INSTRUMENTATION (NOT SHOWING SUPPORT ARMS)

FIC. 7-2 TYPICAL LOCATION OF STRALIN CAGES AND TEMPERATURD SENSORS
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. Circumferential thermal gradients on shell and torus

Thermal gradients along support arms

(o B

Deformation of shell near rim

Deformation of torus at end near brackets

~1

8. Deformation of torus between brackets

9. Deformation of support arms
Both the strain gages and the temperature sensors would probably be
of the silicon scmiconductor type for maximum scnsitivity and minimum
weight. Weight (or thermal mass) is particularly important on the

shell because of the possibility of local distortion.

7.1.2.2 Reflectance and Angular Error Instrumentation

These measurements can be considered, although
some further study will be required to establish definite feasibility.
Reflectance measurements made directly on the concentrator would pro-
-vide diagnostic information in case of a power loss from the main sys-
tem.

The same is true for angular deformation.
Both weflectance and angular deformation at selected locations on the
mirror surface can be measured by the devices shown typically in Fig.
7-3. These involve small collimating light prejectors that send beams
of Tight to the mirror surface. The beams arc reflected to sensors
which detect cither intensity or motion of the beams resulting from
angular deformation of the surface. The reflectance detector could
be a lead sulfide cell or silicon cell. The X-Y detector could be
a lateral photocell (Radiation Tracking Transducer). The instruments
would be placed so as not to interfere with the main experiment. Of
course, many other optical arrangements arc possible and would be
evaluated before choosing a final configuration.

The direct structural and thermal measure-
ments on the concentrator and support arms involve only temperaturc
sensors and strain gages which are available and well understood.

If the direct reflectance and angular deformation measurements are

4326-Final 7-9
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made, some development will be needed on the instrument. However, since
they involve no ncw optical instrumentation techniques, they are not

foreseen to present severe development problems.

7.2 Temperature Semsors

rﬁrhree types of temperature sensors were considered for use
in system measurements in the range of 0 to 800°C. These are:
| 1. Wire type resistance sensors

2. Thermocouples

3. Thermistorg_l
The thermistor is a semiconductor having a high negative

temperature coefficient of resistance. 1If a thermistor is used in a

Wheatstone bridge, the bridge will be balanced at only one temperature.

At other temperatures there will be a bridge output which will be a

measure of the deviation of the temperature. For the generator appli-

cation, thermistors cannot be considered due to the fact that aging

at high temperatures is greatly accclerated and the reliability above

250°¢C is open to question. No accuracy or instrumentation weight ad-

vantages over resistance elements are apparent at the present time.
Thermocouples are available for use and have been used in

the laboratory. Thermocouples have the following advantages:

1. Small size

2. Linearity over a wide range (generally under one percent
accuracy)

The disadvantages of a thermocouples are:

1. The need for a reference junction. Thermocouples do not
measure the temperature at a junction but rather the dif-
ference in temperature between the measuring junction and
a reference junction. Either the reference junction must
be held at a constant temperature or some form of compensa-
tion must be used to distinguish between changes in the
measuring temperature and those in the ambient temperature.

Examination. of reference junctions suitable for use with

4326-Final 7-11




| couples.

2. Low level output. The output voltage of the most sensitive
thermocouple is about 16 millivolts at 300°C. A high gain
amplifier is required for use with the thermocouple to pre-
vent drift and noise effects from affecting calibration.

3. Long term stability and accuracy. Each thermocouple used
in a system must be calibrated. Precalibration will mean
a1l to 2°C error in the measured temperature (up to 4°¢)y.
The total cumulative error including the thermocouple and
cold junction, compensation can easily be as high as +5°¢C.

Furthermore, long term stability in a space enviromment

at temperature is debatable.

4. Lead wire. Where long runs of thermocouple leads arc re-
quired, special care must be taken to use special compensating
lead wire to keep circuit resistance low and avoid unwanted
thermal junctions.

5. Non-fail-safe. 1If the thermocouple becomes disconnected for
any reason the controller turns full on unless special cir-

cuits are provided to prevent it.

chromel-alumel thermocouples indicates that a weight of
approximately 0.8 1lbs would be required for five thermo-
A wire type resistance sensor scems most suitable for re-
liable temperature measurements. However, to date, these types of
sensors have not been inﬁegratcd with system components. Integration
should be fairly easy to accomplish; however, cstimated costs for ‘
development of a platinum resistance sensor for operation at 300 to
400°C for converter application are estimated to be $300 per unit for
10 units ($100/unit for 100 units). Nickel, nickel-iron and platinum
wires all have fairly high positive temperature coefficients of resist-
ance. In a wire sensor, a length of wire having the desired resistance
is wound into any convenient physical form and is electrically conncected
as onc arm of a Wheatstone bridge. The output of the bridge is a

' measure of resistance variation in the sensor and hence of the temperaturc.

4326-TFinal 7-12




The advantages of wire type resistance sensors are:

1. Higher sensitivity, about 100 times the output per degree C
of thermocouples.

2. Superior long term stability; special units have stabilities
within 0.001°¢C per year.

3. Area scnsing; a wire sensor can be spread over scveral square
inches of surface and tends to average out differences in
temperature over a surface. Wire type sensors are useful
therefore whenever it is desirable to control or measure
temperaturc over a surface rather than simply at a particular
point.

4. Linearity; wire sensors are almost lincar, a typical platinum
sensor will have a nonlinearity of less than 0.3 percent over
a temperature range of ZOOOC, e.g., 200 to 400°¢.

5. Interchangeability; wire sensors are furnished with tolerances
of from 1 to 0.1 percent or better and can be interchanged
without calibration.

6. Fail-safe; wire sensors have a positive temperature cocffi-
cient, if a scnsor opens up, therefore, a controller will

turn off thus protecting other circuitry.

Analysis of the three temperature sensors above indicates
that the wire type resistance scnsors are probably best and cfforts
should be made to reduce the cost of these sensors for integration
into the system. Platinum sensors are recommended by the manufacturer
as being most applicable to applications above 200°C on the basis of
long -term StabilitX;J

Although emitter temperature measurement is not considered
to be essential to system operation, it would be extremely interesting
to obtain such measurements from a diagnostic viewpoint. The present
state of art allows long-term measurement by means of an optical
pyrometer only. Short-term measurcments have been made by using

special thermocouples but becausc of the extrcmely high temperaturcs,
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diffusion of the metals occurs and the thermocouple shortly becomes
useless. IA list of possible methods to measure emitter temperature

is shownq?n Table 7-1II.

TABLE 7-II1
POSSIBLE METHODS OF MEASURING EMITTER TEMPERATURE

1. Electron probes - utilizes the emission of the outer surface of
the emitter which occurs due to high temperatures - the probe
more likely will measurc the average cavity temperature.

2. Radiometer (pyrometer) in conjunction with a black body hole.

3. Photovoltaic or photoconductive cells - similar to item 2. -

a suitable optical system must be devised and the cells must

be cooled.

4, Thermocouple - thermoelectric
5. Resistance vs. toemperature
a. ouf emitter itsclf

b. of an attached metallic gage
c¢. of an attached insulating material
6. Thermal expansion of emitter and a strain gage
7. Melting point of materials
8. Indirect methods
a. Radiator temperature
b. Seal temperature
c. I-V characteristics
v, Radioactivity - possible change of particle cmission as a function

of temperature

10. Monochromator or other techniques for spectrum analysis of the
hot cavity
11. Methods 2, 3, or 10 only used in comparison with a calibrated

black body hole

12,

Pyrometer sighted into the generator cavity

4326-Final 7-14



Each of the emitter temperature measurement methods cited
above needs laboratory demonstration to verify its validity. Prelim-
inary results obtained at Aerojet-Cenc¢ral indicated that it was pos-
sible to obtain an average cavity temperature measurement by locating
a pyrometer at the center of the concentrator and sighting into the

cavity after adequate calibration.

7.3 Current Measurements

It is essential that currents from the de/dc converter and
into the load be mecasured for system control. Depending on power level
and other factors, the measured current might be fairly high in a
region where measurement by use of series resistors introduces exces-
sive losses. This section is concerned primarily with this type of
current measurement .

High currents can be measured by one of the following methods:

1 Voltage drop across a series resistor

2 Voltage drop across conductor leads
3. Magnetic modulator
4

Indirect - e.g., measure ac current in dc/dc converter input.

Items 1 and 2 above would require an amplifier to provide
a large enough output voltage to be usable. To be practical, less than
one percent of the power should be consumed by the series resistance.
This would mean that the voltage drop across the series would have to
be less than about 7 millivolts per thermionic diode. If an output
voltage of 5 volts is required, an amplifier gain of nearly 1000 would
be necessary. Item 2 would not be too practical because of the tempera-
ture covetficient of resistance of the conductor leads. The current
measurement would, therefore, be highly dependent on an uncalibrated
resistance.

The third method appears to be the most practical. 1In that
the voltage drop would be insignificant and the power consumed by the
circultry would be low. Tigure 7-4 shows one form of this method.

If the total current through the lead is too great, the lead can be

4326-Final 7-15
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split and only a portion of the total current routed through the cores.
The output voltage can be made to any desirable value within reason.
The technique shown in Fig. 7-4 is a magnetic amplifier
bridge circuit used as a transducer. The device depends for its
operation on the switching characteristics of a rectangular hysteresis-
loop core material and the imposition of an ac excitation to "draw out"
the information in the dc bus. An explanation of the circuit is con-
tained in "Measurement of Large Direct Currents' by P. Covert, page 106,

Electro-Technology, October 1964.

7.4 Voltage Measurements

Voltage measurements can be made directly (if ground loops
are not a problem) or by some indirect form. Figure 7-5 shows a scries
string of 4 thermionic diodes with direct measurements being made.

By subtracting the results of one measurement from another, individual
diode measurements can be obtained.

If ground loops become a problem, a magnetic modulator can
be used similar to that used for the current measurements. A large
number of turns are wound on the "primary" of the cores so that only
a very small current is required. A resistor is placed in series to
"swamp out' the copper resistance which is temperature sensitive.

The device (shown in Fig. 7-6) has the advantage that any reasonable
output voltage can be obtained and that the output is isolated from
the input. Therefore, individual thermionic diode veltages can be
measured with ecase.

Outside of the generator voltages, other system voltages
can be handled by "normal" means. One technique for measurement of
a large number of voltages involves an analoy. digital converter in
conjunction with a solid-state commutator. For a singie voltage, a
solid-state VFO (variable frequency output) device is used along with

suitable detectors.
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8. SOLAR FLUX CONTROL

Solar flux controls would be used for missions which present non-
equilibrium conditions to the solar-thermionic system such as orbital
darkness, continually increasing or decreasing solar flux, etc. For
equilibrium conditions, solar flux control is not required.

For orbital application, solar flux control could be used for
the following:

1. Closing off of the cavity cntrance during darkness to prevent
radiation losses and to maintain higher generator temperatures.

2. Regulation of solar input during startup to minimize temperature
rise rates.

3. Regulation of solar input to account for degradation of the
concentrator.

None of the above functions is mandatory from a system vicwpoint;
i.e., the system will function without solar flux control. Furthermore,
the value of solar flux control for the abcve reasons is doubtful.
During darkness, the heat loss from the cavity is a small portion of
the heat loss from the rest of the generator. For startup, laboratory
experience indicates that high performance converters will require a
maximum of solar inputlat startup in order to insure opening of the
diode. If severe degradation of a concentrator is expected, the use-
fulness of the entire solar-thermionic system is in question. On this
basis, the use of solar flux control for orbital applications is not
recommended. This conclusion might be changed with the introduction of
thermal energy storage, or with further data on startup of converters.

For missions which take the vehicle away from earth, solar flux
control would be used to reguiate the input of the solar flux to the

generator. If constant power output is a requirement, then an "active"

solar flux control is necessary.
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However, if some variation in power output can be tolerated, it
appears possible to use an entirely "passive'' system on an interplanc-
tary mission without exceeding generator temperature limits. If further
experimental data verifies this conclusion, the need for an active solar
flux control is negated.

Compensation for large solar intensity variations with variable
loads or adjustments of cesium reservoir temperature is not possible
without considerable overhcating of the emitter or seals during one
part of the mission. An examination of converter design to date indi-
cates that seal and emitter temperaturcs would become extremely high
and the reliability of the device would be in question.

The use of load control as a means of compensation for variations
in solar flux should not be discarded, however, but should be considered
in a separate converter development program with this specific goal in
mind.

An examination was made of solar flux control mechanisms, actuators,
electronics, etc. The recommended mechanism is a clam shell configura-
tion. The most predictable actuator in the high temperature environment
is a bimetallic element. Control of the-element would be by a heater.
An index mechanism could be used so that movement would always be one-way.

If no degradation of concentrator or components occurred, the solar
flux control could be actuated on a preprogrammed basis. However, the
preferred mode of control is by ground command based on monitoring of
system operation. Automatic controls are feasible but are relatively
more complex.

The principal objective of a solar flux control subsystem for
interplanetary journeys is to maintain preprogrammed energy input to
the cavity. On a trip from Earth to Venus, it is conceivable that a
system could be designed to operate at a low cavity temperature near
Earth and increased cavity temperature at Venus. Thus, the power out=
put at Earth would be low and the output at Venus would be high. On a

journey from Earth to Mars, the reverse situation would occur.
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It is possible to devise a ”passive; system, without active solar
flux control, which would maintain relatively constant power into the
cavity during the journey. However, as explored in Subsection 8.2,
the price for constant flux input is an inefficient system and larger
mirror diameters. ''Passive' control is feasible if power variation
is allowed and generator temperatures are allowed to vary.

The basic techniques for solar flux control are:

1. Passive control

2. Misorientation

3. Variable cavity aperture
4. Shutter controls

Shutter controls could be uscd to obscure the concentrator; how-
ever, the same degree of obscuration can be obtained with much less
weight and more sensitivity by obscuring the reflected radiation input

to the cavity; obscuration of the concentrator is not considered here.

8.1 Passive Control

Passive control implies that the physical constants of the
system are designed such that the variation in solar flux input to the
cavity is tolerable in terms of variation in cavity temperatures.

The use of passive control is illustrated in Figs. 8-1 and
8-2. 1In Fig. 8-1, the mirror efficiency is shown as a function of the
ratio of cavity entrance diameter to mirror diameter. A perfect con-
centrator with a rim angle of 60 degrees is assumed. As expected, due
to a change in the size of the sun's image, the mirror efficiency will
reach a maximum at a smaller entrance diameter at Mars and a larger
entrance diameter at Venus.

The second curve of Fig. 8-1 illustrates the change in mirror
efficiency which woccurs with a given cavity entrance diameter and
change in distance from the sun. TFor large entrance diameters, the
change is slight. For small entrance diameters, the change can be
dramatic. Figure 8-2 illustrates the cffectiveness of passive solar

flux control in terms of the relative power input to the cavity with
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a given entrance diameter at varying distances from the sun. Also

shown is the percent change in solar flux into the cavity. As shown,

it is possible to have small variations on an Earth to Venus mission

if small entrance diameters are used. However, the efficiency of the
concentrator-absorber will be low and a larger mirror will be required
to produce a given power., The curves of Fig. 8-2 do not account for
reflection and reradiation losses from the cavity; however, these losses
will not significantly effect the ratio of absorbed energy.

On the Earth-Mars mission, a 40 percent change in power from
earth to Mars can be obtained with an entrance diameter which allows
relatively high concentrator-absorber efficiency at Mars.

The effects of variations in flux input to the cavity are
illustrated in Fig. 8-3, which shows two sets of experimental data
and the projected curve for a 15 percent efficient generator. As
shown, an increase in flux input to the cavity from 1000 to 1500 watts
results in power output increases ranging from 60 to 100 percent, with
a cavity temperature change probably in the neighborhood of 1500 to
1700°¢. Referring to Fig. 8-2, it appears possible to choose an en-
trance diameter that allows solar flux input variations from 40 to 60
percent at an overall loss in system efficiency of 5 to 10 percent.
Assuming the system is designed for 1700°¢ operation at maximum input,
the power output would be approximately 1/3 less at minimum input con-
ditions. Thus, a 1000 watt system at Earth would produce 650 watts at
Mars or 1500 watts at Venus.

The results of Figs. 8-1 and 8-2 assume the use of a perfect
concentrator. The mirror efficiency curves shown in Fig. 8-1 will be
grouped closer together using concentrators with finite surface errors;
i.e., the mirror efficiency at Mars and Venus will be more like that
at karth; however the conclusions resarcing the use of passive contrel
are not significantly effected. For mirrors with large surface errors
(¢.y., >20 minutes) the cnerygy into the cavity will vary simply as the
inverse square of the distance from the sun. Variation in rim angle also
does not effect the conclusions significantly in the 45° to 60° range;

. . o .
somewhat greater control can be obtained with the 60" rim angle.
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In conclusion, the price for passive flux control would be a
small decrease in system cfficiency. The gain would be the climination
of a somewhat complex control system. Further investigation into the
use of passive flux control is warranted with particular emphasis on

the cffects of temperature variatioas on converter reliability.

8.2 Contrel and Misorientation

It is possible to consider the use of deliberate misorientation
as a mechanism of controlling the solar flux input to the cavity. The
use of misorientation control has many problems. These include:

1. As shown in Figs.8-2 an! 3~1, mirror efficiency changes on
the order of 50 percent are required for journevs to Venus
and Mars. To lose as much as 50 percent of the energy, mis-
orientations on the order of 1.5 to 2° are required. This
would place a major portion of the¢ focal zone of the con-
centrator onto some structural element of the generator and
probably cause severe overheating.

2. The primary effect of misorientation is to create an uneven
thermal distribution within the cavity. Uniform temperature
distribution is the primary criteria which establishes the
need for maintaining orientations to * ten minutes of arc.
To maintain constant power output through misorientation,
several converters will be cooler while others may be warmer.
The uncertainty of what temperatures may be reached intro-
duces undesirable life problems.

3. Misorientation implies the use of an attitude control system
exercising positive control. Deliberate misorientation will
influence attitude control design by requiring more gas,
changing the center of radiation pressure on the vehicle,

and introducing additicnal complexity.

In the event of failure of one or more converters, the mis-
orientation angle would have to be changed. This change in-

troduces additional complexity in the attitude control system.

4326~Final 3~

[ep]



Also, while the power output from the generater remains con-
stant within *5 min. of arc centered about zero misorientation
the "deadband" shrinks to perhaps *1 min. of arc if deliberate
misorientation is introduced.

For these reasons, the use of misorientation as a means for

solar flux control is not recommended.

8.3 Solar Thermionic Generator Cavity Shutters and Controls

8.3.1 Basic Requirements

Since a thermionic generator must be designed to pro-
duce full power at the lowest level of input, a device such as a shutter
or metering unit can be considered to block off the energy reflected by
the collector into the cavity when the collector is in the high flux
density section of its orbit for two reasons: (1) to prevent over-
heating and degradation of the material which generates the electrical
power and (2) to keep the energy level being fed to the associated load
constant without extra equipment.

The operating conditions which the shutter and its
controls must meet are listed as follows:

1. The shutter, links, and controls must be able to withstand

the rigors of takeoff, orbital flight, landing on a planet,
subsequent takeoff, flight, reentry into the earth's atmos-
phere, and final landing on the earth's surface. In partic-
ular, the shutter must be able to withstand temperatures as
iiigh as bOOOC for lony periods of time without metallurgical
and mechanical deterioration.

2. The shutter probably must be locked in its closed position
for takeoff, so that the forces due to acceleration and vi-
bration cannot damage the shutter, its actuators and controls,

and the cavity cannot 'see', and possibly be damaged by, the
radiant solar flux.

3. At the proper time during orbit, the shutter must be released.
The release latch must not interfere with the operation of

the shutter.
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At startup, the shutter must be at the full open position
to speed the process of power generation.

As soon as the generator reaches full power, the shutter
must begin to control the input flux. The shutter may begin
to cut back the cavity aperture before full power has been
reached to prevent overshoot. This type of control will be
subsequently treated in detail.

The shutter will allow the correct amount of flux to enter
the cavity regardless of the energy concentration or change
of energy level due to satellite position in orbit, that is,
distance from the sun,

The shutter must be able to compensate for collector degra-
dation during orbital flight.

If the satellite vehicle suddenly were to lose its attitude
and the sun's image no longer were concentrated on the gen-
erator cavity for short periods of time, the shutter must
react correctly. It must remain open, or open wider than
the setting held before loss of image. And on the sudden
acquisition of the sun's image due to jet trimming for atti-
tude control, the shutter must react quickly and close down
fast enough to prevent damage to the thermionic generator,
if such actien is necessary.

Should the earth's shadow obscure the sun during orbit for
long periods of time, the shutter must open wide to speed
the startup of power generation as soon as the sun's image
is reacquired by the solar collector.

The shutter, its linkages, and its control devices must have
high reliability; at least as reliable as any other com-
ponents of the satellite.

If they fail at all, the shutter and associated controls must
fail "safe" during all stages of the life cycle of the power

generation equipment. For example, should any single part of

8-10



the shutter fail to operate, it must necessarily fail in the
minimum open position to prevent possible overheating and
degradation of the thermionic surfaces.

12, Thermal lag of the shutter and the controls must be short
for optimum control,

13. The energy drain due to the shutter controls should be held
to a minimum, so that almost all the radiant flux may be
used for power generation. This topic will be more fully
discussed below where possible auxiliary thermal devices are
postulated and the benefits derived therefrom are listed.

14.  The shutter, links, and controllers must be producible from
"state-of-the-art" technology if possible, to obviate lengthy

cevelopment programs.

8.3.2 Tvpes of Shutters

As indicated above, a device is needed to meter the
quantity of flux entering the thermionic generator cavity. The device
can take the form of a movable shutter or could conceivably be some-
thing more exotic which does not require motion in operation. For
example, photochromic glass or thermometric films could block the cor-
rect amount of radiant energy for every operating condition., Only the
opaque, mechanically movable shutter does not interpose a constant
energy drain on the flux entering the cavity. All transparent mate-
rials which would be the substrate for photochromic or thermometric
shutters filter energy in varying amounts. Only movable mechanical
shutters will be discussed.

lThere are three basic types of mechanical shutters
applicable to this type of operation. They are (1) the flap, (2) the

clam shell, and (3) the iris diaphragm.

8.3.2.1 The Flap Shutter

The flap-type shutter consists of a number
of sheet metal plates which hinge about their individual pivots. They

would be actuated by links and levers attached to the controller
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(Figure 8-4). By geometry, the minimum number of sheet metal segments
in the group could be two.

The hinge for each segment must be fairly
close to the cavity aperture., Since the segments will intercept some
of the concentrated flux, because of the high rate of conduction, the
hinges must be able to withstand fairly high temperatures. Also the
pivot for the operating link which would connect the segment to the
controller would be subjected to high temperatures.

The amount of obscuration by the shutter
depends on shutter angle, size, etc. Fig. 8-5 shows the percent of
flux from a concentrator as a function of cone angle. As shown, inter-
ception of reflected rays from the concentrator rim is more effective
than near the center. Fig. &-6 shows a typical case of obscuration as

a function of flap angle.

8.3.2.2 The Clam Shell Shutter

The clam shell shutter differs from the flap
shutter in that each sheet metal segment is fastened dircctly to an
arm which has a remote hinge (Fig. 8-7) The clam shell requires only
two segments to be effective. In this construction, no sensitive
parts, such as pivots, would be in high temperature zones. However,
this mechanical arrangement is more subject to the affects of vibration

due to the loung pivot arms.

8.3.2.3 The Iris Diaphragm Shutter

The iris diaphragm shutter comsists of a set
of overlapping sheet metal segments, cach of which has its own pivot
(Fig. 8-8). Each leaf or segment has a pin which rides in a slot in
a common rotary, adjustable ring. The controller attaches to the ring
to regulate the circular aperture.

The iris diaphragm has two weaknesses for
this application. They are (1) the leaf pivots would be subjected to

high temperatures and (2) the leaf pins would also be quite hot and
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have to slide along the setting ring grooves in a high vacuum--a con-

dition very conducive to friction welding.

8.3.2.4 Flux Distribution in the Cavity

Since the sun's radiant energy will vary for
a trip to Mars from a high of about 130 watts—ft-2 to a low of about
44 watt—ft—z, the shutter might have to intercept approximately 65
percent of the energy available near the Farth. Of course, the cavity
aperture would be wide open at Mars. This means that all threc types
of shutters discussed above cause poor flux distribution in the therm-
ionic generator cavity, particularly at the maximum flux condition.
This is when the aperture is at a minimum and the resultant image in
the cavity 1is small and highly intense - a situation conducive to high
temperature gradients. The flap shutter forms an odd-shaped opening
at minimum aperture; the shape slows transforms during transition from
minimum to maximum to become a true circle. The clam shell aperture
shape changes in quite a different manner. At minimum opening the
aperture would be circular, and as the opening increased, the aperture
would no longer be circular; but as it neared the full open position,
the aperture would begin to approximate a circle, and in the wide open
position, the aperture would be circular again. The iris diaphragm

shutter aperture would be approximately circular in all positions.

8.3.3 Shutter Operators

While it is possible to conceive of various types of
operators to actuate the thermionic generator cavity, the feasibility
of use of most operators is low due to limitations of the energy
sources. These energy sources are limited to heat and electrical power.
For the application under consideration, heat is available either from
the flux reflected by the solar collector or an auxiliary reflective
device; or electrical energy can be obtained from the thermionic gen-
erator or an auxiliary device, Stored energy in the form of high pres-

sure gas or batteries does not appear feasible for long term space journcys.
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8.3.3.1 Operators Encrgized by Heat

There are three basic types of operators
which can be energized by heat. They are the bimetallic, bourdon tube,
and bellows operators., Iach type will be discussed, including its
advantages and weaknesses applicable in tie design under consideration.

Bimetallic Operator

Two thin prismatic bars of identical geometric
shape and length but made of different material will expand linearly at
different rates as their temperature is incrcased. 1If the bars are
bonded together, the affect of temperature increase will cause the bars
to attempt to increase in length, each bar at its own rate. But the
bond between the bars will restrain tiw bar of higher expansive rate
from expanding to its free length, and at the same time will strain
the bar with the lower expansion rate and cause it to elongate. The
total increase in length will be shorter than for the higher expansion
metal, but longer than that of the lower expanding metal. The strain
will cause the composite bar to curve, so that the more expansive metal
will be under compression, the lesser expansive metal will have tensile
stresses. The bar will bend in circular arc, because the stresses will
be uniform along its entire length. These stresses may be represented
by a couple at each end of the bar. The motion caused by the bending
is the action that makes this behavior a useful operator by means of
proper linkage to the shutter.

For uniformly heated, freely deflecting pris-
matic bars of equal thickness and of equal elastic moduli fonded to-

gether, the stress at the bond can be shown to be

E _ EF .

S = 5 (a2 - cxl)(T2 - Tl) =3 (T2 FL) (Ref. 8-1)
where S = stress in psi; E = modulus of elasticity, psi: ¥y and a, =
coefficients of expansion of each metal, inches/inch/F; T, - T1 =
temperature change affecting the bimetallic operator,OF; and ¥ = flexi-

vity, a measure of the deflection rate of the bimetal. Figure 8-Y
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shows the stress distribution in the composite bar. The high expansion
metal will be in compression at the bond, and its extreme fiber will
be in tension; the low-expansion alloy will be in tension at the bond,
and its extreme fiber will be in compression. As noted in Figure 8-9,
the stresses at the extreme fibers are one-half the stresses at the
bond line, and the neutral stress axis of each part of the composite

bar is two-thirds of the distance from the bond line to the extreme

fiber.
5. Timoshr <o (Ref. 8-") ‘nveloped the
following equation to d.tern.uae t ‘ef "ecti n o1 ‘etallics:
1 6(a2 - al)('l'2 - Tl)(l + m)° )
R—hr3(1+m)2+ (1+mn)(m2+1—)7, m=-tiandn=~,l—
mn t2 LZ

In this formula, R = radius of curvature,

. s s . . . o
inches; a, and a, = coefficient of thermal expansion, inches/inch/ F;
L

1
TZ—Tl = temperature difference in operation, OF; h = total thickness
of bimetallic bar, inches; EZ and El = modulus of elasticity, psi, of

each alloy in the bimetallic bar; and tl’ and t2 = thickness of each
metallic layer, inches.

On inspection of the formula, it is noted
that the deflection is measured by the radius of curvature, R; as the
deflection increases, R becomes smaller. The deflection then varies
directly, as the differences in coefficients of expansion between the
two metals, the temperature difference, and the thickness of the bi-
metal. However, since the coefficients of expansion do not remain
constant for almost all materials, the affect of these coefficients
will be discussed more fully below.

To determine the affect of the moduli of
elasticity of the two alloys, El’ and EZ’ or the ratio of the two, n,
unitize the equation for curvature--that is, set all the factors in

the equation equal to one, except R and n. This yields the following

expression:
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24n
2
n + l4n + 1

= =

To obtain maximum curvature, the equation is differentiated and set

= 0. R is the dependent variable; n is the independent variable.

This yields the interesting fact that n = 1 for maximum curvature,

and under this (:ondition,-l = 1.5, If the equation is changed so that

R
it reads in 7% of maximum curvature, it is written

7 % ' 1600Un
+ 14n + 1

A plot of this equation is shown in Figure
8-10. Because the curve has a long, relatively flat section at its
peak, even such rather large ratios of elastic moduli of 2 to 1 will
yield about 957 of the maximum possible curvature or deflection. Even
this can be compensated for by increasing the thickness of the lower
modulus material by the ratio of ;; .
El

To investigate the affects of component

thickness on deflection, the equation is again unitized, except for

1
a'and m. Then,
1 6m
= 5
R+ mw©
After differentiating as above, m = 1, and % = 1.5, The equation for
72 of maximum curvature is
. K = 400m >
4 max (1 + m)

A plot of the equation is shown in Figure 8~11. It was assumed here
that the elastic moduli were equal. Any deviation from a 1:1 thick-

ness ratio will reduce the allowable deflection drastically. Even

4326-Final 8-22



JOT - TISAOR SISV O OTIWVY S TRV 0 WO RVIN 0 T T D

SN L IV R IV

il
'3
ALIDILSYI3 40 ITINAOW 40 OllvyY Im.w" u
® 05 g2 02 8 91 I 2 01 8§ 9 b 0
D R N S I S R S p— 0
Hoi
Hoz
- Hog
i — o
—og
o9
- oz
s AR N — o8
u 009!
- — o6
- — ool
] 1 ] | ] | ] | ] ] 1 o1l

JHNLIVAYND "XVN %




(R1¢;

100

~
o

o)}
o

40

% MAX . CURVATURE

w
o

o=

— —

400 m

A T

] 1 | I | I |
4 .6 -8 1.0 125 167 25 50 @

a

m=0—', RATIO OF BIMETALLIC THICKNESS
2

PIC, ©=L1  PLOT OF MANIMIM CURVATUR © O RIM TALLTC L M 7 Vs
FUORATIOOOF Tl o TRTOND Ss S TR T CASL WErRE
Lo MODULE OF o LASTOT T AR L QUAL

o
1
S
I~



- . — S TN T e ' N S N W == -‘4—‘r B

though it 1is possible to compensate for mismatch of moduli of elastica
ity by increasing material thickress, it is usually better to keep
the 1:1 thickness ratio than to modify it. The net deflection is
usually greater.

The coefficients of thermal expansion for
most bimetallic operators are nearly linear up to 200°C. Usually, the
manufacturer of these materials will provide curves or charts which
contain the values over the permissible useful range of temperatures,
In computing the deflections for specific applications, an average
coefficient is used; it js not often ncecessary to integrate the af-
fects of temperature for a more accurate value,

In applications of bimetallic operators, the
deflection of the unit must produce a force. Some of the heat absorbed
produces the deflection and some of it produces a force. If F, the
flexivity of the material is considerced a measure of the rate of de-

flection, then it can be shown that

2
B o FAIBE_ (Ref. 8-1)
I8
EFAT)th

and P a 7 ,
where B = deflection, inches

F = flexivity

L = length, inches

h = thickness, inches

ATB = temperature change to produce deflection, F

ATP = temperature change to produce the operator force, F

P = force, 1bs
E = modulus of elasticitv, psi
w = width, inches
4326-Final 8-25




Note that the thinner the operator, the greater the deflection, and
the greater the length, the greater the deflection.

The product of the two above equations is

2
P 7 E
BP a EF ATB uTP whlL

but whL =V = volume

o
BP a FF ATH ’IP v
For equal values of force and deflection, B
and P, and for the same temperature range,
Voo

EF2

. . co s , 2
The volume of active material is inversely proportional to the E F~

value of the materials. It is also inversely proportional to the man-
ner in which the temperatures are allocated between deflection and

force, that is,

Since ATB and ATP are the component parts of the temperature difference

which cause the bimetallic to deflect and to exert a force,

X
ATB i ATP

where x = percentage of ATB of total temperature range. Then,

v ° __l:i_z , and also, V-————£—~———;
X(ATP) (1-X)(ATP)
. 1-x X
Per unit temperature change, Va = and T—x °
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Figure 8-12 is a plot of this equation, and indicates clearly that for
maximum utilization of material--minimum volume for maximum deflection
~-the temperature difference for deflection should be maintained equal
to the temperature difference for force.

The affect of operator width on performance
is empirical and quite small. The corrections for width are obtainable
from material manufacturers' catalogs and specifications.

Flexivities for various bimetallics are ob-
tained by a standard ASTM test and the values are also available in
suppliers' manuals.

Bimetallic operators are made in three main
types —-- coils, strips, and formed parts. The coils are further sub-
divided into spirals, helices, and double helices. The spiral and
helix are usually used where rotary motion is desired; the double
helix where linear motion is wanted. However, there is some longitu-
dinal motion with a helix coil and some rotary with a double helix.
Straight line motion is obtainable from a simple beam, cantilever beamn,
C-shape and multiple C-shape formed by welding reversed bimetallic
lengths. This list by no means exhausts the different possible combi-
nations.,

Bimetallic operators have the following
advantages:

1. Low mass and relatively small hecat absorption for operation.
2. Short thermal lag.
3. High reliability, if operated within the design limits,

Bimetallic operators have serious limitations,
too. They are:

1. Upper limit of operating temperature is approximately 57SOC.
2. Operator force and stroke is fairly low.
3. Linkage is required to connect operator to item being operated

on or moved.
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Bourdon Tube Operator

In principle, a liquid or gas-filled bent
tuhe of mnoncircular cross section and sealed at one end will, when
subjected to a terscerature change, and hence an internal pressure
change, distort from its original shape. The internal increcase
in pressure tries to make the tube become more circular. This results
in a motion of one end of the tube, if the other end is fixed. The
motion of the free end is called "tip travel". When the tube is formed
into a C, a helix, or a spiral, it becomes a bourdon tube operator.

Because exact analyses of the behavior of a
bourdon tube under pressure and temperature is extremely complicated,
bourdon tube design has been based on empirical equations. A typical

equation for a flat cross section is

3 (Ref. 8-3)

where A a = angular deflection of tip, deg

a = total angle subtended by the bourdon tube, deg

P = differential pressure between inside and outside of
the tube, psi
E = modulus of elasticity of the tube material
A, B = cross-sectional dimensions of the tube, inches,
t = thickness of tube material, inches

R = radius of curvature of the tubing, inches--a constant
for helical and C-type units, a variable for spiral units
Both P and E in the above equation are tem-—
perature dependent. E, the modulus of elasticity, decreases for most
materials with an increase in temperature, except such specialized
materials as Ni-Span C '3'. This latter material has a constant mod-
ulus over only a temperature range of -50°F to + 1500F, then decreases
as other metallics do. The average value of the modulus through the

operating temperature range is used to compute the angular deflection.
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the bourdon tube by the differences in volumetric coefficients
expansion. If 3 times the linear coefficient of thermal ex-
less than the volumetric coefficient «f thermal expansion of

, then the liquid will be compressed as follows:
T
VO (aL -3 O&) A7, where

volume lost by compressibility of liquid, cu. inches
original volume of liquid, cu. inches

voluretric coefficient of thermal expansion of liquid,
cu. inches/cu. inch/OF

linear coefficient of thermal expansion of metal
container, inches/inch/oF

. O
temperature increase, T

= ¥ V = Y - 74
P =K \C K VO (Oi 3 C%Q AT, where ¥ is the

bulk modulus of the liquid fill. Then for the liquid-filled bourdon tube,

L a=

is defined

4326-Final

1 1

0.05a K Vg, (o = 3 &) AT (5.3 A 3,3
E HEHER

The terque-gradient constant for a bourdon tube
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as the force the tip of the tube applies as it deflects one



degree. Thus, if the torque-gradient constant is known, it is possible
to determine what mechanisms can be operated with the desired sensitivity

and accuracy. The torque-pradient is then determined by

G =2¢C E; (Ref. 8-3), where G = torque-yradient in lb-inches/deg
of deflection, C = torque gradient constant (determined by test),
P = pressure in the bourdon tube, psi, and fa = angular detflection,
degrees.
Another type of rating is often used for
measuring the output of a bourdon element. It is called "power rating',

and is formulated from the following equation:
W = FM
vhere F = force required at tlie tip, parallel to the direction of motion,
to restrain the elei:ent when it is acting at the pressure level of
interest; I = motion of the elerent, unrestrained when the pressure is
applied; and W = power rating or worl fact.r elenent.
The bourdon tube operator has the following

advantages to recommend its use as a temperature sensing device and

controller:
1. Direct connection without intermediate linliage is possible.
2 Linearity is high and hysteresis low.
3. Sensitivity is good.
4 Life is long and unit is very reliable, if not operated
beyond design parameters.
On the other hand, the bourdon tube has some
undesirable characteristics as listed below:
1. Large thermal lag due to gas or liquid fill in bulb which
would be in the high temperature zone.
2. Maximum operating temperatures below 500°C .

3. Operator force and stroke is fairly low.

Bellows and Diaphragm Operators

A bellows element is a one-piece expansible

and collapsible unit, with its flexibility mainly in an axial direction.
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It is obtainable as a formed thin seamless metallic tube which is deeply
folded or corrugated, or it can e obtained as a series of stampings or
spinnings welded together to make a corrugated bellows structure.

Bellows are available from many sources.
Manufacturers' catalogs list the characteristics of the various designs
they produce in a wide range of materials. They also list the maximum
stroke and pressure each unit can sustain. For high reliability,
bellows should be operated at pressures and strokes well below their
assigned maximums. The bellows should be used under such conditions
that the stress in the metal does not exceed 25 percent of the yield
strength at low temperatures; at temperatures high enough to affect
the modulus of elasticity of the material of construction appreciably,
it is best to use the creep strength of the metal at that temperature
as the stiess limit.

For the ceneral case of a spring-opposed

bellows, the equation of the deflection is

a(r, + 1)
P = b s7 (Ref. 8-4)
A
e
where d = deflection of the bellows, inches

P = applied pressure, psi

Ae = eifective area of the bellows, sq. inches,
= %8 (Outside Dia. - Inside Dia.)2

Kb = gpring rate of bellows, 1b./inch

Ks = spring rate of restraininyg spring, 1b./inch

If the bellows has to actuate a mechanism that
resists with a force, I 1b., over a distance, S, inches, then
F + L+ K
S (Ib I\S)

A
e

P =

As indicated in the preceding section on bourdon

tube elements, in gas filled bellows systems, the pressure,

wr T
P =

Vv
0

4326-<Final 8-32



then, vy [F + 5 (1<b + 1\'5)]

Ae - wr T

For a liquid filled system,

P

KV, (4 - e ) o

i F + S (kb + ks)
e K VO (aL -3 L".'.) LT
liquid fill,

and A , where K is the bulk modulus of the

A metallic diaphragm capsule consists of two
diaphragm shells soldered, brazed, cor welded touether. One or more
capsules rigidly connected topether make a diaphragm element. The
diaphragm measures pressure change by deflection. And a pressure change
in the application of operators under consideration would be caused by
terperature chan,e of gas or fluid contained within the system.

The pressure-deflection relationship is given

enpirically in thle equation,

d =x¥ (2 -2) D7 (Ref. 8-5)
where
d = deflection of center of the diaphragm, inches
K = capsule constant which talies into consideration the

modulus of elasticity of the metal and the shape of

shell and its corrugations

P = applied pressure, psi

Po = initial pressure, psi

D = active shell diaphragm diameter, inches
t = metal thickness of diaphragm, inches

As indicated in the discussion of bellows and
bourdon tubes, P, the pressure can be obtained for a gas~-fill unit from
wrT

\Y
0

P =

and for a liquid filled system from

P =1<vo (OLL-BO:N)AT
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The deflection varies as the active diameter to the fourth power, which
means that for the same pressure range, doubling the diameter increases
the deflection by a factor of 16. K is atfected by high temperatures,
because it varies inversely with the modulus of elasticity. K can also
be changed by corrugation design to yield as much as a threefold increase.
Both the bellows and diaphragm cperators have
the same virtues and weaknesses, the differences are so slight that they
need not be enumerated. The bellows and diaphragms have the following
advantages:
1. The deflection forces can be moderately large and the
deflection distances great enough to eliminate the need
for linkages, if so desired.
2. The operator itself need not be in the high temperature
zone; only the bulb which contains the gas or fluid-fill
being heated needs to be in the 'hot spot."
3. The reliability of the system is high, if operated within

the design limitations.

L~

Linearity, hysteresis, and sensitivity are good, if the
system: is correctly designed and fabricated.
The weaknesses of bellows and diaphragm
operators generally are as follows:
1. Thermal lag is high.

2. State-of-the-art technology limits the system to operation
below 500°C.

8.3.3.2 Operators Enerpgized by Electric Power

Two types of ocoperators energized by electric
pover are the linear motor (solenoid) and the rotary motor. Each type
require electric energy for motivation, This energy would have to come
from the prime eneryy source, in this case the thermionic generator, or
from some seccndary source, such as an auxiliary generator or storage
batteries. This latter source of power could be a provisional source,

much like an automobile storage battery, which is used only for startup
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and kept char;ed by engine or main power source so that the steored enercy
will be available as needed to start a 1.ew cycle.

If the auxiliary electric power source for tle
operator is an auxiliary small generator, the time lag before some energy
would be available to the operator would be smaller than waiting for the
main generator to bezin producing enervy. This assumes that the auxiliary
generator would be also subjected to concentrated solar energy.

No matter what the energy source, the shutter
position for the period when no solar energy is being reflected by the

concentrator should be '"safe."

This means that the shutter should be
masking the senerator cavity as theugh it were in the position of maxi-
mum flux. Thus, on acquiring the sun's image in the worst case - near
tle earth =- the cavity would not run the danger of being degraded by
excessive flux absorption before thie controls had a chance to react;

or if by failure of ore or more parts to operate properly, the entire

systen would deienerate to uselessness.

Linear Motor Operator

Linear or solenoid operators provide only two-
position operation. Although they can be made to operate a mechanical
stepping device which would provide mcre than two positions of the
shutter, the complications of such a device, especially for space vehicle
application, are an unnecessary burden, if other simpler systems are
available.

A two-position shutter as operated by a solenoid
would provide the simplest type of temperature contrcl, known as "on-off"
control. In the open position, the aperture presented to the solar
collector woeuld be the maximum necessary to cenerate the required power
under the minimum solar energy conditions, in the closed position, the
aperture would be only about 1/3 as large as the open position - just
large enough to admit a percentage of the concentrated energy near the

earth continuously without overheating the zenerator.
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The advantages of a linear operator are as
follows:
1. It is a simple, very reliable device.
2 Larve forces and long stroles are possible.
3. Since it Jdoes not use heat as energy source, it need not
not be subjected to high temperature.
4. The operator would be desipgned with an opposing spring,
and hence would be fail safe.
The weainesses of a solenoid operator are as
follous:
1. Because it uses electric power, it requires a converter
which turns heat into energy.
2. The solenoid plunger would slide in linear bearings, a
severe problem in interplanetary space.
3. Only on-off type shutter control is possible with this

operator.

Rotary lMotor Operator

Rotary electric motor operators usually consist
of electric motors, a gear reduction unit and output shafts to each of
which is fastened a lever arm. The driving motor size depends on the
actuation requirements. The motors can be unidirectional or reversing,
and may incorporate :echanical brakes to prevent overrunning.

There are four geuneral types of rotary motor
operators: two-position types, multiposition types, reversing floating
types, and proportioning types. The basis for their selection depends
on the sensing eleient and the type of control system with which they
are used.

Two-position rotary motor operators may be
either unidirectional or a reversing type. Liie the linear operators,
they travel toward and stop only at either extremes of travel. This
action is accomplished by holding and limit contacts which are part of

the motor circuit.
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Nultiposition rotary electric motor operators
are of the reversing type and are similar to the two-position type,
except that tliey are provided with one or more additional sets c¢f contacts,
so that they may have intermedliate adjustable positions between the two
extremes. HMultiposition operatcrs require multicontact contrel systenms.

Floating-control type rotary electric operators
are reversing motors which usually have limit switches at each extreme
of travel. The pear reduction is very high so that the actuator travels
slowly. The control instrument has a single-pole double-throw switching
action with a dead neutral of adjustable width. The operation would be
as follows if it were used to operate the shutters of a thermionic
generator: I1f the cavity were becoming too hot, the control unit would
pass current to motor windings which would cause the armature to rotate
in such a direction as to move the shutters very slowly to a position
of smaller aperture. Since the motion is very slow, thermal changes
could pace with shutter position. As soon as the cavity would cool to
the correct temperature, the control unit would cease to feed current to
the motor. On the other hand, if the cavity were too cool, the control
unit would pass current to the reverse set of windings, and the armature
would rotate in the reverse direction until change was no longer called
for by the control unit. Limit switches would prevent overtravel at each
extreme end of stroke.

Proportioning-control rotary operators have
reversible electric motors and limit switches to prevent overtravel.

They also have a slidewire control resistor. The slidewire contact
position is related to the cperatrr position and moves from one end of
the slidewire to the cther as the actuator moves from one extreme of
travel to the other. Tle associated control instrument has a slidewire
resistor similar to the one within the operator. By means of a balancing
relay, any displacerent to either side of the slidewire set point causes
current to flow in the motor windings so that the armature will turn to

correct the inbalance.
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More complex versions of the proportioning-
control operators add a reset action for closer control. Others, even
more complex, can le used, but their very complexity mitigates against
their use.

Since the four basic rotary electric motor
operators are directly associated with tlie particular type of control
unit, an examination of their virtues and wealunesses will be limited
in this section to a generic critique. Rotary electric motor operators
have the following advantages:

1. They are electrically powered and hence do not have to operate
in zones of high temperature.

2. Their output in torque is limited only by the available energy;
their length of stroke is also high.

Electric motor operators have the following
vealnesses when used in space-vehicle power gpeneration systems:

1. They require a source of electric energy other than heat.

2. They are complex mechanisms which require rotary bearings,
cears, seals, lubricants, clectrical contacts, etc.

3. They are not inherently fail-safe devices. Some external
means, mechanical or electrical, must be used to assure the

fail-safe condition.

8.3.4 Shutter Systems

A shutter system is an integrated device which includes
the shutter, the linkages, the control device, tlie operator, and the
various associated items of hardware, such as bearings, springs, and
fasteners.

8.3.%.1 Control System

Not all types of control systems can provide
satisfactory performance of a dynamically functioning device which has
to rmecet variable conditions. The open-loop control system represents
the simplest type of control system. It is not a satisfactory type for

a thermionic generator which requires the control of an aperture by
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shutter movement. The aperture could be programmed timewise on, say,

a trip to Mars to move the shutters to open up the aperture. However,
because there is no feedback of information to the contrcoller, un-
foreseen events or circumstances or errors of design could allow the
wrong magnitude flux to enter the cavity. In crder to maintain accurate
control of the flux entering the cavity, the actual output or condition
of the system must be monitored and compared with the desired output,
which becomes the input signal. An actuating signal, rechanical or
electrical, proportional to the diiference between the cutnut and the
input must then be sent through the system to correct the error.

A system with a fcedback path as described
above is a closed-loop systen. It must be noted that the output dis-
placement cannot respond instantaneously. The system has all the
characteristics of an electrical feedback system with time logs,
oscillation, phase difference, etc.

Although a closed-loop system can offer more
accuracy in control than open-loop system, it can also be unstable.

In most feedback control systems, if the gain - the ratio of the increase
of the output over the input signal - is too high, the system may tend

to overshoot and overcorrect the error, and its cutput may oscillate
unduly. An unstable system is useless. Also, when the final output of

a feedback control system dces not equal exactly the referenced input
owing to friction or errors inherent in the feedback system, the system
may have a steady state error. Feedback control systems must be designed

as a compromise between stability and accuracy.

8.3.4.2 Types of Controls

Closed-loop control systems have two important
features of control: (1) the fcedback and control signal and (2) the
response of the controller to the signal or its mode. The feedback
system may be classified in a number of ways, some of which are as
follows: (1) continuous-data feedback control, (2) relay-type feedback

control, and (3) sampled-data feedback control. -
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Continuous-Data Feedback Control. In continuous-

data feedback, the signal is a continuous function of time. The continucus
data may be modulatecd, in which case it has an a-c carrier signal, or, if
unmodulated, the feedback control is called a d-c¢ system. In the latter

syster: the feedback signal is steady state or of low frequency.

Relay-Type Feedback Control. 1In a relay-type

feedback control system, the full power for correction is applied as soon
as the error signal is large encugh. The feedback control signal is an

on-off type, and nales the entire control system nonlinear.

Sampled-Data Fecedbaclk Control. 1In a sampled-

data feedback type system, the control signal is sampled at intermittent
intervals. The signals are in the form of a pulse train. A radar
tracking system is an cxample of a sampled-data system, because infor-
mation on tlie azimuth and altitude is in the form of pulsed-data from

the scanning operation.

8.3.%.3 llodes oi Control

There arce at least six common modes of
control. Each of them is applicable to processes to be controlled with
varying desrees of closeness of control. Each mode of control will
cause the process to perform in such a manner that the output will
follow any rate change at a certain specd and will have a certain
inherent amount of lag or dead time. Each mode of control is inherently
best suited for certain process changes, which may be small and slow,
small and fast, large and slow, larye and fast, or any other possible
pernutation. .

The six common modes of control are two-
position, floatiny, proportional, prcportional plus reset, proportional

plus rate, and proportional plus reset plus rate.

Two-Position llode. On-off or two~-position

mode of control is the simplest. In two-position control, the final

control element is quickly moved to one of two positions (high or low,
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or open or closed) when the controlled variable deviates a predetermined
amount from the set point of the controller.

In general, two-position control functions
satisfactorily between the desired contrcl limits of a given process
if the service requirerents are a slow reaction rate and minimum lag or
dead time, and if the operator adjusts the position of the controlling
device so that it permits an input slightly above (on position) or
slightly below (off position) the normal operation.

Although two-position control will accommodate
load changes to some extent, such changes must not occur rapidly. As
the load changes, it is possible for the controlled variable to deviate
markedly before it is reestablished by cycling. Cyéling time at the new
load will vary, tco, and its average value will be higher or lower,

depending on the direction of load change.

Floating lode. In the floating mode, the

final control element is moved gradually at a constant rate toward
either the open or the closed position as may be required to control
the variable and keep it within the neutral zone. The final control
element moves at a much slower rate than the final control element of
a two-position controller.

A In floating control, there are no fixed
positions for the final control element. The element can assuse any
positions between the extremes. When the controlled variable is outside
the neutral zone of the controller, the final control element travels
toward the corrective position until the controlled variable is again
in the neutral zone, or until the controller reaches its extreme position.

Floating controls are usually found in elec-
trically operated systems. They tend to produce cycling of the control-
led system. If the operator were to move too fast, twe-position control
would result; if the opérator were to move too slowly, tlie control
system would be unable to keep pace with changes. Thus, the rate of

operator motion with the most rapid anticipated changes that can occur
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within the system. The greatest advantage of floating control is the

smoothness with which gradual changes are met.

Proportional Control. There are two types of

proportional contrel: (1) proportional-position action which is generally
called just "proportional control," and (2) average-position action,
generally called "time-proportioning control."

In proportional control, the final control
element assumes a definite position for each value of thé controlled
variable. For each change of the controlled variable, the operator
changes its position by an amount which is proportional to the change
of the variable.

The time-proportioning control mode, which
can be provided by an electrically-operated controller, is an off time
and on time rather than a position of the final control element. The
on-off time, are proportioned to the value of the controlled variable.
For each value of the controlled variable there is a definite on-off
cycle. The length of the on plus off cycles is constant through the
entire range of the contreoller; only the ratio of on-to-off time varies
within each cycle.

For flexibility in application of electrically-
operated controllers, a calibrated adjustment called the "proportional
band" is usually provided in both types of proportional controllers.

The proporticnal band is that range of the final control element in
proportional-position control, or to the percentaje of an on-to-off time
in time-proportioning control. The band is usually expressed as a per-
centage of the full~-scale range of the controller.

The size of the proportional band will in-
fluence the size of correction which the controller will dictate for a
deviation from the set peint. The formula for percent of motion for the
operator, S = %; x 100, where AT is deviation from set point in degrees,
and P = the length of the proportional band in percent of total instrument

range. Thus, for a change of one degree, the operator motion in percent
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of total motion from one extreme position of the operator to the other

extreme is inversely proportional to the proportional band.

Proportional Plus Reset Mode. The set point

of a controller is at some intermediate value of the controlled

variable within the proportional band, usually at or near the middle.

With load changes or changes of operating conditions, it is helpful to
change the range of the operator. This can be accomplished by an automatic
reset action incorporated in the electrically operated controller.

In proportional control, there is only one
position of the final control element for each value of the the controlled
variable with the proportional band. If the new position of the operator
is not sufficient to compensate for the conditions, then the automatic
reset shifts the proportional band upward or downward as may be required

to meet the new conditions.

Proportional Plus Rate Mode. If the process

to be controlled has a large dead time or a high transfer lag, even the
proportional plus reset mode of control is unsatisfactory. The propor-
tional band must be set exceptionally wide and the reset rate unusually
slow to avoid excessive cycling. These cause wide deviations and long
time periods for return of controlled variable to the set point. The
addition of rate action to proportional control may solve the problem.
Rate action initiates a large corrective
action for a deviation. Then, after the controller has made the large
initial change, it reduces the first change to the corrective change of
a proportional band response to determine the position of the final
contrel elerment or operator. The extra chance tends to counteract the
unfavorable effect of process lag. It is a temporary overcorrection

proportional to the deviation from the set point.

Proportional Plus Reset Plus Rate Action Mode.

The proportional plus reset plus rate action mode of control adds one
more control factor to the proportional plus rate action mode discussed

above. It adds the reset factor. The proportional plus reset plus rate
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action mode produces operator response in proportion to (1) the devia-
tion of the controlled variable (proportional action), (2) the size and

time length of the deviation (reset), and (3) the rate of change of the

controlled variable (rate action).

8.3.4.4 Operator and Type of Control

Heat-Energized Operator and Type cf Control.

A heat-energized operator, be it a bimetallic strip, bourdon tube, or a
bellows unit, is a closed-loop combination device. It senses change of
teriperature and at the same time is the operator and controller. It has
its own built-in continuous feedback and also is a proportional control
device. For every .deviation from the set point, the controller has one,
and only one, pcsition. The operator can act either directly or through
a linkage. 1In fact, the heat-energized operator is a complete control
System in itself. It can be made to monitor mcre than one variable by
the use of combinations of two or more heat-energized operators attached
by common linkages to the controlled eletent, which in the case under

discussion is a shutter.

Electrically-Energized Operator and Type of

Control. Both electrically-energized types of
operators, the linear and rotary motor, require a sensing device to
feed back a signal te the controller that the terperature is deviating
either above or beiow the set point. This sensor perforrms its role in
the manner of a relay-type data feedback system.

If a linear electrically-powered operator is the
actuating device, only an on-off electrically operated controller can be
used. Actually, the controller would be in the form of a relay. The
error signal from the temperature sensing device (probably a thermocouple)
would travel through the coil of a sensitive relay which would feed elec-
tric power from the thermionic generator or auxiliary pover source to
the linear operator coil. The operator armature would move to its extreme

position to change the shutter to the wide open position. As soon as the
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error signal from the thermocouple sensor was cancelled out by the
temperature increase, the relay contact would disengage and the shutters
would return to the minimum aperture position.

The rotary electrically-powered operator, on
the other hand, could be fitted with any of the 6 modes of control devices
as noted in Sec. 4.3. The aperture created by the shutter could be con-
trolled as closely and as precisely as desired by use of progressively
complex modes of control. Of course, the controlling device and the
operator would require electrical energy either from the thermionic

generator or an auxiliary device.

8.3.4.5 Mechanical Components of Shutter System

All rmechanical components of the shutter system
nust meet the test of reliability. If they are to be reliable, the com-
ponents must not degrade under the cperating condition of high temperature
in a high vacuum and the nonoperating counditions of space vehicle en-
vironment during storage, terrestrial shipment vehicle takeoff and ascent,
and, finally, de;loyment in oxbit.

Bearings. To eliminate the problems of lubri-
cation and the sliding of one surface over another in space, only flexure
type pivots should he used. See Fig. 8-13 for a pictorial representation
of their construction.

The pivots have no friction because the moving
parts are connected by flexing springs. This eliminates lubrication and
seal problems. Performance is stable and highly reliable over a wide
temperature range. Angular rotation is almost directly proportional to
the applied torque. The pivots have a long service life if used within

recommended loads and angular rotation.

Materials of Construction. Materials of con-

struction pose many problems. For example, the material to be used for
the shutter must bLe refractory enough to withstand the concentration of
solar energy it intercepts, particularly during periods of maximum solar

intensity, as may be encountered near the earth. During the period it 1is
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being so heated near its extremities, the shutter must not deform geo-
metrically or degrade metallurgically despite the fact that it is in
high vacuum environment. Since the shutter must have a low mass, it
must be made of thin gage material. It would also be better if the
shutter were to have a very low coefficient of absorptivity; that is,
reflect to space most of the intercepted unneeded energy. Thus, the
shutter and its attachments could operate at somewhat lower temperatures.
Yet the shutter must be strong enough to withstand the rigors of takecff
with its attendant twin sources of stress due to vibrations and accelera-
tion.

To choose a shutter material, it is important
to know what temperature will be encountered by the shutter. To simplify
the task certain assumptions must be made. First, the shutter tip is
heated only by the radiant flux from the mirror because it is assumed
that the temperature of the tip is approximately the same as the cavity
temperature. Second, the plane of the shutter is always parallel to the
collector focal plane - a condition that is most nearly met by the clam-
shell-type shutter. Third, the worst case is when the shutter must
intercept 2/3 of the solar flux available just above the Earth's
atmosphere, namely %30 Btu (hr) (sq. ft). Fourth, the shutter '"sees"
only the mirror whese temperature is so small that it may be neglected
in computation.

Then in the steady state condition for the
worst case,

.04

a 2/3 QAm = g FeFaAs (TS -Tm )
where
Q@ = absorptivity of shutter
Q = energy input from the sun = 130 w/ft2
A= pro jected area of the mirror, sq. ft.
¢ = Boltzmann's constant
F, = configuration factor =
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1/2 1] =—————r = 0.615 for a 5' mirror

o
m
f
i
A\

D

-

f
o mirror diameter in feet and f = focal length in feet
"o T emissivity factor = E1 E, where E1 = emissivity of the

1

mirror and E2 enissivity of the shutter

0.5x 0.5 =20.25

[t}

Assume each = (0.5), then F_

Fe = 0.9 x 0.9 = 0.81
AS = area of shutter to intercept the energy, determined by
gecretry to be approximately 0.02 sq. ft. for a 5' mirrox
TS = temperature of the shutter
n - temperature of the mirror

Under the assumptions above, in the worst case,
the shutter temperature is 27500C.

Due to the construction of the shutter, the
part of the shutter which does not intercept the solar flux aimed at the
thermionic generator cavity acts as a radiator. The shutter conducts

the heat away from the hot area according to

i e S ¥ S
Q = ky A X, - X
2.3 1 2 z 1
2 9810 A
1
where
Q = steady rate of leat flow

km = mean coefficient of thermal conduction over the ..T
temperature range, Btu/(hr) (OF)

A. = area through which heat {lcws at right angles at outer
perimeter of shutter, sq. ft.

A, = area through which heat flows at right angles at édge

of hot zone, sq. ft.

4326-Final 8-48



AT = T2 - T1 = temperature difference of hot zone to tip, °F.
Xi» X, = distance of hot zone boundary and shutter tip from
center of the shutter cavity, ft.

Radiation from the radiation surface is

4
Q =0t Fa As (Ts ) ég)
If some probable values are substituted into this equation, such as
k‘ = 92,5 for tungsten, Fe = 0.45, Fa = 1, etc., then AT g;9OOOC. The
temperature on the shutter will range from 2750°C to 1800°C for this
case. These numbers are only ballparl but illustrate the problems.

Such high temperatures developed within the
shutter can be reduced by relatively small percentages by adjusting
values for emissivity, the so-called "view factor," F_, changing the
area of shutter which intercepts the flux, and other parameters. It is
possible to live with such high temperatures in space, if the proper
base material is selected for the shutter, such as tungsten or tantalum
which has high conductivity and a high welting point.

Materials for fasteners, linkages, and bearings
will have to withstand temperatures perhaps as high as SOOOC. These
terperatures will not place a severe burden on material selection.
However, care must be exercised in design tc allow for compensation for
high temperature pradients which may exist.

Materials for use for heat-energized operators -
bimetallic strip, bourdon tube, and bellows - do not exist at present for
operation above SOOOC. If it is necessary to monitor temperatures beyond
this range, an indirect nethod must be erplcyed, such as fastening the
monitor to a conductive refractory material (tantalum) in such a way
that the monitor temperature will nct ge beyend SOOOC,

Materials for electrically-energized operators
are an even more complex problem than material requirements for the heat-

eneryized operators. First there is the problem of the temperature sensor.
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The sensor can be a thermocouple but long-life operation above 600°C
is not probable. Second, the electric cperators, linear or rotary motors,
have a top operating temperature of 350-400°F . They would require
shielding and good radiators to keep their ambient temperature below the
maximunm allowable level. The operators also have sliding bearings, pear,
and seals which all have their attendant problems for operation in space.
Third, the controlling devices for the operators must have materials
suitable for space operation or they must be completely sealed and have
sufficient radiator capability to operate without cverheating. Their
position on the yvenerator package is immaterial, hence it is possible
to locate them in the most convenient cool zone.

There are three important factors which affect
the choice of mode of control. They are (1) stability of the control
loop, (2) sensitivity of the system, and (3) the reliability of the

system under all operating conditions.

Stability of the Control Loop. A feedback

control loop is stable when a disturbance causes a change in the system to
bring the variable to a steady, noncyclic value.

Automatic control calls for measurement of the
error from the set point, comparison with the standard, corrective action
to reduce the error signal to zero, and the reaction to the corrective
action. This chain of energy exchanges goes through the control system
and the process continuously. The process and the control system
usually retard and delay these energy exchanges. Control-loop stability
can be described in terms of these itens of retardation in time and
energy loss or gain around the loop.

Since corrections to process input must oppose
changes in process output to restore the desired value of output, it
means that the ccrrection to input must be negative compared to the
change in process output. Therefore, the feedback signal must be as
negative as possible (-1800) with respect to the change in process

output. This is known as negative feedback.
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Both process and control-system resistance to
response are negative phase shift in nature and add to the 180O phase
shift inherent in the control system. In fact, it is possible for the
out-of-phase additions could add so much lag to the 180° phase shift
that the controller correction could be in phase in process output and
increase it instead of opposing it.

In the energy exchanges around the loop, energy
is added consumed, or gained and lost. If the added energy just equals
the energy used, the gain is one. If more is added than used, the gain
is more than one. Phase shift and gain define and measure stability.

A control loop will be stable if the gain around the loop is less than
one when the total phase shift is 360° during the corrective cycling
action.

Three modes of control and combinations of the
three affect stability. The basic three iodes are proportional position,
reset, and rate. The proportional-position mode affects stability by
making it possible tec adjust the gain or proportional band; the reset
mode affects stability by causing a negative phase shift; and the rate

mode increases stability by producing a pusitive phase shift, but at the

same time may contribute to instability by increasing the gain excessively.

To judge how stable or how well the control
system is operating, the most common criterion used is the minimum-area
summation under recovery curve (Fig. 8-14). When the area under this
curve is minimur, the average of the deviations has the smallest ampli-
tude for the shortest time. Tt has been established that the area is
minimum when the arplitude ratio between successive peaks in the cycle
is 0.25, or each succeeding wave is 1/4 as big as the preceding one.
This minimum area will have a phase shift of 330° when the gain is one.
The match between this best case and the actual performance of the con-

trol system is the measure of performance.

Sensitivity of the System. Sensitivity is the

ratio of output response to an input change whose size is specified by
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the requirements of the overall process. Tor an automatic closed-loop
contrcller, tle resolution sensitivity is the minimum change in the
measured and contrelled variable which produces an effective response.

Tt can be expressed as a fraction (or percent) of the full-scale value

of the variable; or it can be expressed in actual values of the variable,
such as SOF. In the latter form it is lmown as the threshold sensitivity.
The range of wvalues through which the input variable to the control
system can vary without response is lknown as the dead band.

It is obvious that the minimum sensitivity
which will neet the requirements of tlie process to be controlled is the
desirable choice. Alsc, the control systems with lower semnsitivities
are simpler than systems with high sensitivities, because sensitivity
is related to gain, and it has been shown above that the finer the gain
control, the more complex is the mode of control.

In the case of the thermionic generator, it
is then necessary to know how closely the electrical output must be
maintained to determine the maximum allowable temperature deviation
within the cavity. If this were not the controlling factor (the elec~-
trical regulation requirements may be quite low), then the maximum
temperature thermionic diodes could sustain without degradation would
be the controlling factor. After the rean temperature and its maximum
allowable deviations have been fixed upon, the simplest control system
should be selected to maintain the cavity temperature within the set
limits.

It is easier to determine what the sensitivity
of the control system will be in advance of the finished design, if it
is possible to compare it with existing standard units available from
many sources. Electrically-energized control systems, in particular,
are uost easily compared with what is readily procurable. lleat-energized
systers are not sc handily compared. They can only be judged by past
performance in installations resembling the application under considera-

tion.
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Reliability of the !lode of Control. The relia-

bility of the mode of control is related t. the ability of the control
to function for long periods of time withcut failure. tiere, failure can
mean catastrophic failure to function ccmpletely, or it can mean partial
failure, such as an increase of hysteresis (the difference between the
increasing input correction and the decreasing output correction), or
degradation of the self-regulation paraveter sc that the deviation of
the contrclled variable (temperature) might be greater than allowed.
Catastrophic failure is, of course, to be aveided. And it is usually
easier to cvercome by careful design. It is the partial failure which
is so hard to anticipate and avoid, except by the usual techniques of
careful design and long term simulated tests under worst condition
parameters.
Intuitively, the simplest mode of control
should be the most reliable, for it has the simplest input and output.
If the temperature within the cavity differs from the set mean, the
controller signals a constant correction. This means that the shutter
would either be positioned to a condition of maximum or minimum aperture.
It is easy to see that the on-off mode of control is very likely to
cause much oscillation about the set peint and much temperature variation.
The next step in complexity is the proportional-
band mode of control. The main feature of this mode is that the correc-
tive signal is proportional to the deviation so that a small deviation
calls for a suall corrective action; a laryper deviation, a larger correc-
tive action. Basically, this describes the action of heat-energized
system, for as the temperature deviates, the combination sensor-controller-
operator reacts proporticnally to position the shutter to control the
variable. The proportional position is only modified by the inherent
hysteresis and sensitivity of the system. Electrically-energized opera-
tors and controllers are also available for this mode of control, as has

already been indicated.
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As it has been already shown, more complex
modes of control for closer control are possible. These only exist as
electrically-energized controllers which require electrically-energized
operators. Unless closer control is required than is possible to achieve
with the proporticnal mode of centrel, it is not necessary to discuss
the reliability oi these more complex modes. Although it is impossible
to predict in advance what the maximum range of the deviation of
temperature from the set point will be for any system plus or minus

10 percent, if acceptable, is not all unlikely for this mode.

8.3.4.7 Control System Selection

It has been indicated that if an approximately
plus or minus 1C percent temperature variation can be tolerated, the
proportional mode is the type to use. What remains yet to be done is to
indicate the order of preference for heat-energized or electrically-
energized systems. After this coves the choice of operator. Then comes
the implermenting of the choice to cptimize the design.

It is possible tc argue that both systems can
be designed and built equally well within present state-of-the-art
knowledge, for much is known about the tehavior of many materials in
space. If this is so, then the reliability factor is the final arbiter
of ranlk. Reliability is difficult to determine, because so many factoers
are involved. However, since overall reliability is the product of the
reliability of the parts, the heat-eneryized system seems to be more
reliable simply because it has fewer components. In the heat system
the sensor, controller, and operator are the same unit; in the electrical
syster they are distinctly separate. Intuitively, it is felt that, even
with very high reliability of éach of the separate components of the
electrically-energized system, a higher reliability will exist for the
heat-energized unit. For this reason, it is felt that the heat system
should be first choice.

Heat-energized sensor-controller-operators

have becen described and discussed above, but were not ranked in order of
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reliability and feasibility. As has already been indicated, the bi-
metallic strip, the bourdon tube, and the bellows suffer from the

same limitations - namely, they cannot usually tolerate more than
500°C. Both the bourdon tube and the bellows units require a liquid

or gas-filled bulb connecting to the bourdon tube or bellows. These
two devices have more thermal lag than a bimetallic strip, hence could
cause larger deviations, more cycling, and take more time to reach a
steady state. Therefore, the bimetallic device is considered to be the
first choice.

Assuming that a bimetallic control device is
the unit which will be used to control the shutters of the thermionic
generator, it is now necessary to devise a design to fulfill all the
requirements in detail so that the device will have the greatest relia-
bility. To explain further, assume that the sensor-controller-operator
(the bimetallic elerent) were placed in the cavity, and that this is
the only controlling action. Then, it is possible, given any disturbance
to the process such as loss of lock on the sun and eventual relocl, that
the cavity may overheat due to the large gain in the system. A system
is needed which will adjust the gain or proportional band in fine incre-
ments, a vernier adjustment.

If the primary bimetallic device were placed
in such a position that it would '"see' the sun at the same time that
the paraboloidal mirror sees it, it would react just as effectively as
if it were in the path of the reflected energy. Such a position could be
in front of a sunshade for the thermionic generator (see Fig. 8-15).

The solar flux would be concentrated by a small cylindrical mirror which
would not only concentrate enough eunergy to furnish sufficient power for
the bimetallic element to operate reliably, but it would also furnish
this energy in the form of a narrow rectangular image to heat the element
uniformly over its length.

The vernier automatic adjustment would consist

of another bimetallic element fastened at one end to a refractory strip
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of metal such as tantalum. The strip would project into the cavity and
act as a conductor for the secondary bimetallic strip, so that the cavity
temperature would be sensed at a lower scale than the cavity proper.

This has to be, because, as has been already pointed out, bimetallic
elements do not operate well above 500°¢, By means of a lever arrange-
ment as shown in Fig. 8-15, the cavity temperature would automatically
modify the primary setting of the shutter position.

On initial startup of the generator or if a
major reduction in the amount of flux the cavity should occur, the shut-
ter would open as wide as possible. Upon acquisition of the sun's image
of the primary collector, the reaction to the temperature change would
be rapid. The shutters could begin to close down to limit the flux
before the thermionic diodes reached their proper operating temperature.
The system would oscillate until a steady state was reached. To elim-
inate this problem, a ternary bimetallic element would be added to the
control system to override the secondary vernier adjustment. The ter-
nary element would be attached to the diode radiator, and would, by its
designed relationship witl its effect on the vernier setting of the
control, keep the shutter in the open longer, or until the diode was at
the proper temperature.

Figure 8-15 shows the bimetallic flux-cavity
temperature control system in schematic form. It is obvious that ful-
fillment of all system requirements has introduced complexity into the

solar flux control which is undesirable.
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9. CESTUM RESERVOIR CONTROL
This scction discusses the need for cesium reservoir control, the
effects of passive control, and a recommended technique for active

i control of each individual cesium reservoir on the generator.

l 9.1 Neced for Control - Effect on Performance

Figure 9-1 illustrates the expected variation and output
current of a converter as a function of cesium reservoir temperaturc.
The curves arc extrapolated from available experimental data. Extrap-
olation was based on theoretical curves of diode performance versus

cesium reservoir temperature derived over the past several years.

Calculations were based on the use of a 2 cm2 diode as a
tvpical size. The design point for the diode was 0.7 volt; for example,
in Fig. 9-1 the diode will produce 30 watts at 0.7 volt at peaked
cesium reservoir temperature. Based on the excited mode, operation at
0.5 volt will produce higher power outputs while operation at 1 volt
will produce lower power outputs at the optimum cesium reservoir tem-
peratures. It is believed that Fig. 9-1 represents a reasonable
expectation of operation of converters in a generator with emitters
at 1,700°¢.

It is scen that a region of approximately %lOOC exists, at
0.7 volt operation, within which the variation of output current is
small. Thus, a dead band of +10°%¢ appcars reasonable for cesium
reservoir control although +5°¢ might "tune up' the converter a small
amount . Advantages of higher voltage operation are shown; power out-
put is not as sensitive to cesium reservoir temperature variation.

In gencral, lower cmitter tcmperature (e.g., 1,SOOOC) opera-
tion also results in less sensitivity to a reservoir temperature and

higher emitter temperature will result in incrcased sensitivity.
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Experimental data are not available in these regions. Figure 9-1
indicates temperature differential and not absolute temperature.

For the converter of 15 watts/cmz, it is cxpected that the optimum
cesium reservoir at 0.7 volt will be about 380 to 400°C. For a

25 watts/cm2 converter, it is expected that optimum cesium reservoir
temperatures will be lower, about BQOOC, although this has not been

confirmed.

9.2 Startup and Passive Cesium Control

The passive control of cesium temperature can be approached
in many ways. The reservoir receives heat from conduction down the
reservoir tube and radiation from the converter radiator. The sim-
plest concept in establishing cesium temperatures is to size the
conduction path from the converter assembly to the cesium reservoir
to transfer sufficient heat to just equal the heat radiated by the
reservoir at the design temperature.

Passive control can be easily achicved if the converter is
in equilibrium and the enviromment is static. This is not at all the
case with an orbital application of thermionic conversion where the
background radiation, concentrator radiation, converter operation,
collector radiator temperatures, etc., arec all varying as the sys tem
cycles through sun and shade conditions. More sophisticated controls
are therefore necessary to maintain proper temperature in the cesium
reservoir. Applicable techniques for passive control are:

1. Equalizing of conduction to the reservoir with radiation
from the reservoir (for steady-state conditions only)

2. A conduction path modulator control using a temperature
scnsing or bimetallic switching circuit

3. Placement of the reservoir in a position where it will
intercept a portion of the concentrator energy

The collector cycle must be maintained above the desired

cesium tempcrature or elevated at that temperature very rapidly.
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Figure 9-2 illustrates typical cesium reservoir temperature
responses under various conditions. With no auxiliary heat input, a
typical ecxperimental curve is shown which illustrates the length of
time required for a cesium reservoir to assume operating temperatures.,
As shown, up to 20 minutes might be required to achieve optimum tem-
peratures without auxiliary heating :sing designs which are currently
being coutemplated for converters. For the cxperimental curve, the
collector temperature —was also risin: at the came time as the cesium
reservoir temperaturc; in gencral, the collector temperature will
rise at a much faster vate.

Calculations were performed to determine the response of
the cesium reservoir heater to auxiliary heaters during a period of
time at startup sufficient to achicve operating temperature. It was
assumed that the radiator already had achicved 400°¢C temperature;

5 mil copper tubing was also assumed. Startup with auxiliary heaters
would occur after a collector temperaturc had been achicved which was
above the minimum cesium reservoir temperature desired.

As shown, a 10-watt heater would require up to 4 minutes in
this particular example to achieve reservoir operating temperatures.
Thus, after coming out of the earth's shadow (which had lasted a
sufficient length of time so that the reservoir had cooled to IOOOC),
at least 4 minutes would be required for complete startup. However,
since the collector/radiator must come up to temperature also, a time
on the order of 10 minutes is more likely.

Figure 9-3 illustrates a typical startup sequence. Startup
is as follows:

1. After emergence from darkness, cesium reservoir and radiator
have each reached an equilibrium temperature of about 100°C.

2. The radiator and reservoir begin to heat due to conduction
from the generator cavity.

3. At 400°C radiator temperature, the cesium reservoir heater

is turned on.

I~

4326~Final 9-



15622

RESERVOIR TEMPERATURE ,°C

i~
()
o

6-I'inal

400

300

200

100

l I I I l I 1
ESTIMATED RESPONSE WITH

e IOWATT HEATER
s
ESTIMATED RESPONSE WITH
5 WATT HEATER

1962 CONVERTERS
NO AUXILIARY HEAT

ASSUME
RADIATOR
AT 400°C

HEATER Cs
RES

COND ™7

HEAT

Ve
COLLECTOR

l I | I I i l

FIC.

=2

4 6 8 10 12 4 )
TIME, minutes

TTYPICAL Cs RESERVOIR TEMPERATURE RESPONSE

18

20



-73615623

500

400

300

TEMPERATURE, °C

200

100

RADIATOR

TO DECREASE

\—NO HEATER

\'RADIATOR REACHS 400°C

& ASSUMED START-UP

| | |

RESERVOIR

HEATER POWER BEGINS

Cs RESERVOIR HEATER TURNED ON

0 5 10 15

TIME, minutes

FIC. 9-0 TYPICAL STARTUP SEQUENCE

452¢=-Final R

20



4. Depending on heater power, Lhe cesium reservoir quickly

reaches equilibriam tuemporative.
As 1llustrated in Tig. v=-1 Gt o2 /hours required for
startup can vary but approxinately L watt/aour can be anticinated.
In conclusion, the following comnents with vregard to pas-
sive cesium reservoir control ave applicable:

Lo In an cquilibrium condition, with no darkness, passive
cesium reservoir control can be used and has been demon-
strated in the laboratory.

. Im nonoguilibrium control situaticn, the use of passive
ceslum rescrvoir control will resnlt in nonoperative
periods while the converters aro warming vp for periods
as long as 20 minutes and perhaps longer.  Three mechanisms
are suggested for investigation to solve this problem.

a. Active heaters

b, Passive bimctallic or other conduction path modu-

lator ~ontrols

¢. Usc of concentrated wnevrov to heat the resorvoir -

this may be difficult ‘or "side" converteors
Ttems b oand ¢ have not been investi-ated extensively and
introduce complexity into converter weslong however, a tradeoft

occurs acainst the weight and reliability of the electronics.

9.3 Heater haract-ristics

[92]

A nost important feature of Lhe cosium reservoir Leater ig
the anount of power required on a steady=-ctate basis to naintain a
slven cosium reservoir temperature. I active control is used, the

1 H

convertr should be desiyacd vo that now ally, without Loater pouer,

o

the cosium reservoir temperature is about 10°C lower than opt inwuni,
If variable conditions are cncountered vhere crittor top-

peratures (anl! roservoir temperature) becore hivher than dosicon point

coaditions, cosium reservoir temperaturcs vithout hearors snould be

)

lower; the tradeor! is the need for continuous heater power.
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Fiiure 9-4% illustrates the heater power inpul requirements
as a function ot the required LT of the cesium rescrvoir basced on
cesinm reservoir heaters which have been used to date in the labor-

dbers.  As shown, about | watt is suiticient ror increasing e

. . o, « . -
Comie atur e approxinately 107C.  For a Sti=watt convertor, Lherefore,

“ Lot D

2 percent of the output would be consured in cesiam rescervolr temper-

ature control.

9.4 Active Temperature Control

Using present design approaches, it is assumed that each
cesimm reservoir, if actively controlled, would be controlled independ-
ently within an individual heater and individaal circuits.  This

section compares the sensors which can be ured and arrives at a recon-

mended cesium reservoir control circuit.,

9.4.1 Tenperatire Scnsors

Three types of temperature sensors were considered
for use in cesium reservoir temperature control systems. These are:
l. Wire type resistance sensors
2.  Thermocouples
3. Thernistors
The thermistor is a semiconductor having a high
negative temperaturce cocificient of resistance. If a thernistor is
used in a Wheatstone bridee, the bridge will boe balanced at only one
temperature. At other temperatures there will be a bridge output
which will be a measnre of the deviartion of the temperature.  TFor the
cesium reserveir application, thermistors cannot be considered due Lo
the fact that aging at high temperatures is greatly accelerated and
the reliability above 250°¢C is open to question,
Thermocouples are availal le for use with cosirm

reservoir control and have been used in the laboracory,
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Thermocouples have the following advantages:

1. Small size

2. Linearity over a wide range, generally under 1 percent accuracy

The disadvantages of a thermocouple are:

1. The need for a refercnce junction. Thermocouples do not
measure the temperature at a junction but rather the differ-
ence in temperaturc betwecen the measuring junction and a
refercence junction. FEither the reference junction must be
held at a constant temperature or some form of compensation
must be used to distinguish betwecen changes in the measuring
temperature and those in the ambient temperature. Examina-
tion of reference junctions suitable for use with chromel-
alumel thermocouples indicates that a weight of approximately
1 pound would be required for 5 thermocouples.

2. Low level output. The output voltage of the most sensitive
thermocouple is about 16 millivolts at 300%C. A high gain
amplifier is required for use with the thermocouple to
prevent drift and noise effects from affecting calibration.

3. Long-term stability and dccuracy. Each thermocouple used
in a system must be calibrated. Prccalibration will mean an
error in the measured temperature (up to 4OC). The total
cumulative error, including the thermocouple and cold junction
compensation can easily be as high as +5°C. Furthermore, long
term stability in a space environment at temperature is debat-
able.

4., Lead wire. Where long runs of thermocouple lcads are required,
special carc must be taken to use special compensating lead
wire to keep circuit resistance low and avoid unwanted thermal
junctions.

5. Nonfail safe. If the thermocouple becomes disconnected for
any reason, the controller turns full on unless special cir-

cuits are provided to prevent it.
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A wire type resistance sensor seems most suitable for
reliable temperature measurements of cesium reservoirs. However, to
date, this type of sensor has not been integrated with converters
in the laboratory. Integration should be fairly easy to accomplish;
however, estimated costs for development of a platinum resistance
sensor for operation of thermocouples on the cesium reservoir arec
estimated to be $300 per unit for 10 units ($100 per unit for 100
units). Nickel, nickel-iron, and platinum wires all have fairly high
positive temperature coefficients of resistance. 1In a wire sensor,

a length of wire having the desired resistance is wound into any con-

venient physical form and is electrically connected as one arm of a

Wheatstone bridge. The output of the bridge is a measure of resistance

variation in the sensor and, hence, of the temperature.

The advantages of wire type resistance sensors arc:

1. High sensitivity. About 100 times the output per degree C
of thermocouples.

2. Superior long-term stability. Special units have stabili-
ties within 0.001°¢C per yecar.

3. Area sensing. A wire sensor can be sprcad over several
square inches of surface and tends to average out differ-
ences in temperature over a surface. Wire type sensors are
useful, therefore, whenever it is desirable to control or
measure temperature over a surface rather than simply at a
particular point.

‘ 4. Linearity. Wire sensors are almost linear, a typical
platinum sensor will have a noanlincarity of less than 0.3
percent over a temperature ranve of 200°¢C up to temperaturecs
of 800°C.

5. Interchangeability. Wire sensors are furnished with toler-
ances of from 1 to 0.1 percent or better and can be inter-

changed without calibration.
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6. TFail-safe. Wire sensors have a positive temperature coef-
{icient, if a sensor opens up, therefore, a controller
will turn off thus protecting other circuitry.

Analysis of the three temperature sensors above indi-
cates that the wire type resistance sensors are probably best and
cfforts should be made to reduce the cost of these sensors for inte-
gration into converters. Platinum sensors are recommended by the
manufacturer as being most applicable to the cesium reservoir applica-~
tion due to reclatively high voltage output and better long-term

stability.

9.4.2 Block Diacram and Principles of Operation

Figure 9-5 illustrates a general block diagram for a
cesium reservoir control unit.

The platinum resistance thermometer senses the tem-
perature of the reservoir by a change in resistance. The signal
conditioner converts this change in resistance into a voltage suitable
for use by the comparator.

The comparator samples the temperature of the cesium
reservoir and comparies it to the commanded temperature. If the tem-
perature is low, then the error signal will turn on the heater and
raise the reservoir temperature. The cesium rescrvoir temperature is
controlled by turning the heater on and off.

Several types of circuits were examined for use. If
dc power is available, the circuit shown in Fig. 9-6 is applicable.

In the case where ac power is available, mag-amp and
tunnel diode circuits were cxamined. Unless a high frequency of ac
power is available (5 to 10 ke) , may~amp circuits are significantly
heavier than the tunnel diode circuit illustrated in Fig. Y-7.

Figure 9-0 shows a circuit using dc power. This
comparator consists of a summing circuit, a sawtooth generator, and a
Schmitt trigger. The switching circuit consists of a pulse generator,

cates, switching amplifier, and a matching transformer.
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The comparator adds together the temperature analog
voltage and the ground command voltage with a 5 cps sawtooth wave.
These combined voltages are sensed by the Schmitt trigger. If the
temperature of the reservoir is low, the combined voltages will drop
below the threshold of the Schmitt trigger. The Schmitt will then
change state permitting the pulsewidth modulator (switch) to apply
heater power to the reservoir. The amount of heater power required
is proportional to the tcmperature of the reservoir. This propor-
tional control is obtained by means of the sawtooth wave which is used
to sample the temperatures. The pulscwidth modulator consists of two
AND gates with sufficient power output to drive the output switching
amplifier. When the comparator senses a low temperature, the output
signal permits the pulses from the pulse gencrator to be applied to
the switching amplifier. The output of the switching amplifier is fed
to a matching transformer before being applied to the heater. A trans-
former is used because the heater requires low voltage and relatively
high current.

Figure 9-7 illustrates a circuit which uses ac power
input. The platinum resistive element is shown as part of a Wheatstone
bridge arrangement. The ac amplifier has a gain of about 50 and uti-
lizes two-stage feedback. The phase detector utilizes 4 diodes and is
a standard type of circuit., The summation circuit is a resistive sum
network and contains an integrator for generating a 400-cps triangular
wave. The tunnel diode level sensor is a simple circuit using 2
resistors and 1 tunnel diode. The trigger amplifier uses a single
transistor to generate a gate signal for a silicon controlled recti-
fier which turns the heater on and of:.

The use of the tunnel diode circuit in Fig. 9-7 is
recommended to minimize weight. The use of the null procedure on the
bridge eases the power supply regulation requirements. Temperature
compensation of the resistance clement is simple since the variation

is linear over a fairly wide range. Possible problems will arise due
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to thermal gradient EMF's being gencrated in the leads from the sensor
and stray capacitance affecting the bridge null.
Figure 9-8 illustrates the waveforms in diffecrent

parts of the tunnel diode cesium reservoir control circuit.

9.4.3 Weipht and Power Requirements

The estimated power requircment for either of the
circuits discussed is less than 1/4 watt stcady state. For a generator
with 5 diodes, approximately 1 watt would be required.

Weight estimates have been made for the cesium reser-
voir control units using welded cordwood module techniques, standard
in the industry. Estimates were made by assuming the weight and volume
for each circuit component and adding about 30 percent for packagin:.
Weight estimates do not include leads for the temperature sensing
element.

Weight and volume are shown in Table 9-T.

Weight and volume for the circuit using dc power is higher than the
tunnel diode using ac power. Tables are based on the use of a S-diode
generator with heater currents up to 5 watts per heater.

An extrapolation of weight to other systems besides
a 5-diode generator is approximately lincar; although components will

be selected wherever possible which would lead to a low-weight system.

9.4.4 Heater Design

Heater design has used tungsten, tantalum, and other
types of wire in varying diameters. Tantalum is recommended due to
its ability to remain ductile and its availability in clad-form.
Forty-mil diameter wire (with 60-mil sheath) is currently used in
laboratory diodes. One watt of heater power is available at low

heater voltages.
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TABLE 9-I

WEIGHT AND VOLUME OF CESIUM RESERVOIR
CONTROL CIRCUITS - 5 DIODE CONVERTER

1. DC Circuit

Item Quantity Wt (oz)
Schmitt Trigger 5 3.2
% ckt. 5 1.0
High Power Gites 10 3.2
Switching Amp. 5 3.2
Transformer 5 6.3
4ke Clock 1 1.2
5 cps Sawtooth 1 1.2
19.3
100% packaging, wiring 19.3
38.6 oz
2. AC Circuit (Tunnel Diode)
Bridge 5 0.053
AC Amp. 5 0.053
Power Transformer 5 6.0
& Det and ¥ ckt. 5 0.053
TD Level Sensor 5 0.053
Trigger Amp. and SCR 5 0.106
6.318
100% wiring, etc. 6.318
12.6 oz
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10. POWER CONDITIONING AND CONTROL

This section deals with the techniques (o be used for electrical
conversion and control of the power output of thermionic generators.
Solar flux control, cesium reservoir control, and other types of
control requirements for the solar-thermionic system are discussed
elsewhere.

The input to the power conditioning and control subsystem is
the generator(s) power output. The output of the subsystem is
considered, for study purposes, to be regulated direct current.

The basic functions of the power conditioning and control
system are:

1) Provide proper loading to the generator

2) Provide energy storage Lor peak power Jemands

3) Provide an output which meets power voltage and regulation
requirements

4) Provide, where possible, compensation or adjustment for
partial failure ot the generator

Investigation of the con.ditioning and control problem has resulied
in a recommended subsystem conceptually illustrated in Fig. 10-1. The
conponents shown, properly designed, will best perform the basic func-
tions of conditioning and control as discussed in this section.

Two features of the recommended conditioning and control
systens are:

1) The generator output will be controlled to maintain a
constant current output. As discussed later, constant
current control provides a more etficient and reliable method
of thermionic generator control in contrast to voltage

control which is commonly practiced on photovoltaic systems.
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It is mandatory that the generator output be controlled to
assure reliable operation. This is illustrated in a
typical curve in Fig. 10-2, which shows that the seal and
collector will tend to increase temperature if the
operating point moves towards low voltage, high current
operation. On the other hand, the emitter temperature
increases significantly when high voltage, low current
operation occurs.

2) The power switch unit, commonly uscd in photovoltaic
systems, is climinated.

The following paragraphs discuss the design features ot each

couponent, their integration into a system, and Lhe mat.ching of the

pover conditioning and control subsystem with the penerator source,

10.1 series Versus Parallel Connection of Diodes/Cenerators

The thermionic diodes used in a generator or rultiple
generators can theoretically be electrically connected in series,
parallel, or various series and parallel combinations. The series/

parallel selection will depend on the tollowing basic tradeo:it:

Series/Parallel Tradeoffs

Series Parallel

a) Higher Voltage a) Better compensation

b) Less power loss due to for diode open
diode matching failure

c) Better compensation for
diode short failure

These items are discussed below:

10.1.1 Electrical Matching

Figure 10-3 illustrates a typical mismatch between
diodes. At the present time, limited protot:.pe production has
resulted in diodes with I-V curves closely matched in slope, but

displaced from each other by a small AV.
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For series connection, each diode provides the
same current and the power from diode (g) is less than the power
from diode (E} by an amount proportional to IAV.

For a parallel connection, each diode provides the
same voltage and the power from diode (g) is less than the power
from diode (1) by an amount proportional to VAI,

Due to the steep slope of the I-V curves, the
parallel connection will result in less power than the series connection
when the dio.les are operated at voltages in the range of 0.5 to 0.9
volts.

As an 1llustration of the advantages in matching
when diodes are series connected, two diole curves were assumed with
tvpical mismatchlel characteristics.

Typical steady-state I-V curves for two diodes are
shown in Fig. 10-4. These are steady-state curves rather than
dynamic curves in that, for matching purposes, the dynamic I-V curve
is not usetul. The curves presented in Fiyg. 10-4 assume a constant
generator solar power input and constant reservoir temperatures for
each of the two dicdes. Figures 10-5 and 10-6 show the power
output of each diolde as a function of output voltage and output
current, respectively. If the two diodes were to be connected in
series, they would both operate at the same current at any given
point. If, on the other hand, they were connected in parallel, they
would both operate at the same voltage at any given point. Figure
10-7 shows the pow r output difference of the two diodes as a
function of the common voltage for a parallel connection. It will
be noted that at lower voltages the output powers are relatively
close while at higher voltages the output powers depart quite rapidly.

Figure 10-8 is a similar presentation of the
difierence in power output of the two diodes but it is plotted as a
function of current and therefore represents a series connection.

Again, at lower currents the power ditference is fairly small and
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nearly equivalent to the parallel connection case but as the current
increases, the power difference reaches a peak value and then
diminishes as the current increases.

The comparison between Fij. 10-7 and Fig. 10-8
indicates the potential advantage of series connections,

The same reasoning can be applied to cases where
a greater number of diodes are used in each generator. In all cases
examined, it was found that the Jiodes should be connected in series
and not in parallel. 1If a large syvstem is used, where more than one
senerator is employed, it will also be found that the generator
outputs should in one form or another be connected in series rather
than in parallel. Jeries conneciion inters a common current or at
least power addition that is current controlled rather than voltage
controlled. Configurations shown in later paragraphs of this section
will indicate methods oi power summation between diodes and generators
as well as protection for open circuit conditions of individual diodes

or generators.

10.1.2 Reliabilitv/Redundancy Considerations

Fuilure mode data is not available for thermionic
diodes operating in a system. Individual diode data gathered in the
laboratory is incomplete, and is not applicable to system operation.
Mechanisms of failure are identified elsewhere, but can be categorized

as.:

1) Cradual degradation of performance

2) An open condition

3) A shorted condition

4) A condition where gradual degradation or catastrophe can

lead to an open, then shorted, condition (or vice versa).

Thie last case, where both open and shorted
conditions can occur in some sort of cyclic fashion, is not well

explored but appears possible. For example, seal failure can cause
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an open condition, followed by overheating of the emitter, followed
by shorting of the emitter and collector.

Present data indicates that an open condition is
the most likely mode of failure, but this conclusion is tentative
and must be confirmed with experimental data.

Since the diodes are to be connected at least
partially in series, a single diode open failure may completely
abort the mission. Therefore, means must be found to bypass a
tailed diode i1 operation is to continue.

Assuming 50 watts of output power per diode, a

300 watt system (at the generator output) would employ 6 diodes.

This number is nominally consistent with the use o: a 5 foot diameter

mirror at or near earth space. A larger power system would probably

consist of an appropriate number of lower power modules. For example,

a 900 watt systen might consist of 3 mirrors, 3 generators with

6 diodes per generator,

10.1.2.1 Single Module - 6 Diode System

In order to provide a means to bypass
a thermionic diode that has failed, leads must be brought from each
diode or group of diodes to the control system. This will, of
course, provide an additional burden to the system in the torm of
weight and thermal losses. (There will not be additional IR drop
losses since the additional leads will not carry current unless
a failure of a diode occurs.)

There are two reasonably practical
methods to bypass a failed diode. The iirst is to short out the
failed diode with a high current switch, such as a relay. One of
the problems associated with the use of a shorting relay is the
question of how to determine if a thermionic diode has railed. If
a diode short circuits, there will be no need to short it further.
However, if it open circuits, it must be bypassed. If it open

circuits, a reverse voltage will be developed across the diode
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which is caused by the other active diodes remaining in the circuit.
Therefore, a reverse vollLage sensor can be added to each diode to
detect the condition and then cause the shorting switch to activate.
However, if a switch is used for each diode when it activates, it
will reduce the reverse voltage to zero which in turn will open the
switch; theretore, the relay must incorporate a sell-lock feature.
This system can be used in groups of two or more diodes. Figure
10-9 shows such a configuration where one switch is used for each
two diodes. Retferring to the figure, if dJdiode lo. 1 fails, a reverse
voltage will appear across its terminals which will activate relay
RL1. The switch will byvpass both dioides o. 1 and No. 2. Diode
No. 2 will still operate and supply the required reverse voltage
across diode No. 1 so that the switch will remain activated.
llowever, -liode "o 2 sliould fail rather quickly due to overheating
and the reverse voltage will disappear and the switch will open.
The switch must, theretore, have a seli-locking feature. The use
ol switches with the need tor a locking teature is not recommended.

The secoud method to [rovide a bypass
around a failed thermionic diode is shown in Fig. 10-10. In this
system, six low input voltage DC/DC couverters are used; one tor
each diole. If we assune an output voltage of 30 volts (total)
for individual dio:de wvoltares ot 0.6 volts, each DC/DC converter
must provide a step-tp oL &.33 to 1 with individual output voltages
ol 5 volts. Dio'es CRl through CR6 are counected across ecach DC/DC
converter in the re.erse directior so that un.er normal operation,
they conduct no current. low, il we assume thermionic diode lo. 1
fails due to opening, the output voltage ot DC/DC converter lo. 1
will drop to zero and then reverse (due to the output current flow).
Diode CR1l will then conduct providing the necessary current path for
the remaining active segments of the system.

The system shown in Fig. 10-10 is the
extreme case of providing '"redundancy' or the ability to bypass

failed thermionic dio.des. Quite a heavy penalty in weight and

4326-Final 10-11



DIODES

—>
SWITCHING DEVICE
(SHOWN HERE AS
| —_—— — —| RELAY)
L

[ 2 _: }SENSE Il 0—:—
p ® ==
® =

FiC€. 10-v  ONAMPLE OF SWITCHILC DiLVICE USED TO BVDPASS
FALLED THERMIOLZO DIODES

4520-Final Jr-12

3615556



+
CD DC/|DC :3 CR,
4
‘ +
DC/DC
g2> | > -}LCRZ
4
+
DC/DC } +
<3> 3 ‘ CRs O
- UNREGULATED
) ¢ HIGHER VOLTAGE
+ DC OUTPUT
<4> DC/DC R —0
4 ) —
+
DC/DC
5 s | CRj
9
+
<6> DC/GDC : ] R,

PZ¢, 1e9+-10  EXAMPLE OF MULTIPLE DC/DC COWVERTIRS USED TO
BUPASS TALLID DIODIS

S .
+o20=Final AT

5615587



complexity is paid in this case. A tradeoff must occur to determine

how many diodes at one time must be bypassed.

10.1.2.2 Multiple (enerator System

Similar reasoning can be applied to a
higher power svstem where more than one generator is employed. In
one extreme, all diodes of the system can be serics connected with
appropriate bypass capabilities included, or each generator can be
considered as an individual entity and provisions be made to bypass
a complete generator should a failure occur in it. The deter-
mination of tLhe extent of bypassing will depend heavily on the
total power o. the system and the number of diodes or generators
required.

A careful reliability study and
analysis will have to be made beiore final recommendations can be
made as to the extent and method of railure protection. llowever,
at this time, the second method shown for bypassing (using DC/DC
converters with diodes rather than switches) is the preferred

method in that it is automatic and more foolproot.

10.2 Subsystem Operation

Two basic methods exist for control of the generator
ouput; current or voltage regulation. Voltage regulation schemes
can be devised which are similar in many respects to the condi-
tioning and control subsystems used in photovoltaic systems.

For reasons discussed below, current control was found
to be more favorable for efficient and lightweight control sub-

systems.
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10.2.1 Voltage Controlled Subsystems

10.2.1.1 Lxamples ot Solar Panel Voltase Control

It is felt worthwhile to discuss
techniques for voltage control used on solar panels as these techniques
can be used for comparison with thermionic generator control subsystems.

Many of the spoce power systems of the
past have had some sort of voltage limiting device to prevent the
solar array voltage from exceeling a certain value. The solar panel
output voltage depends heavily on the load and the voltage is also
quite temperature dependent. Certain types of syvstem voltage
reyulators (such as the booster regulator used on Ranger) operate
only over a relatively narrow input voltage range, and above a certain
voltage, regulation is lost. 1In these systems, input voltage limiting
is necessary. Many systems use power zener diodes for the voltage
limiting (shunt regulation) function.

The shunt regulator must dissipate a
considerable amount of power un'er certain loading conditions. A
typical I-V curve o:! a solar panel regulated by a zener diode is
shown in Fig. 10-11. The voltage limiting occurs at about V'’ Under
no load (system) conditions, the current through the shunt regulator
is equal to I/, At a load current of I’ or higher, no current is
shown. The greatest power occurs at no load with its value depending
on the shunt regulation voltage.

A second method to regulate the total
array output voltage is to connect an active shunt regulator across
only a portion of the solar array as shown in Fig. 10-12. The control
voltage for the active regulator is obtained from the Lotal out put
voltave. However, the regulator shunts current or.ly in the lower
portion of the array. The I-V curve shows the resulting voltage of
each portion of the array as a function of load current. Also shown
is the current throu;h each portion oi the system as a function of

the load current. It will be noted that the current through the
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upper portion of the array (SPl) equals the load current. The power
dissipated in the active shunt regulator is considerably less than
the first case since the voltage (at high currents) across the
regulator is somewhat less than one-half that for the first case. The
shunt regulator can be connected to the array at a point other than
the "center" of the array so that the optimum point can be selected
for a particular mission. The obvious advantage of this system is
the reduced amount of power that must be dissipated from the shunt
regulator.

A third method to be considered for
a shunt regulator is to switch resistive loads onto the array
depending on the load current (or array voltage). A fairl: large
number of resistors would be used Lo provide a "step-wise" loading
on the array. The primary advantaje of this system is that the power
would be dissipated in resistors rather than semiconductors. The
resistors can operate reliably at higher tewmperatures than the semi-
conductors and thereiore, the radiator (to dissipate the heat) would
be considerably smaller and lighter. '

10.2.1.2 Load Matching and Stability Considerations

in a Yoltace Control of Thermionic
Generator Qutput

To obtain the maximum utilization of
power output, the load must be properly matched to the thermionic
source. Otherwise, instabilities and loss of regulation can result,

and maximum power canrot be extracted.

Type ot Load

The {irst item to be determined during the system design is the
Lype of load that will be connected to the thermionic generator. For
example, the load may be a purely resistive load such that as the input
voltage is increased, the input current proportionately increases; or
the load may be a constant current load that would result by using
a series regulator with loss characteristics in the system. In such

a case, as the input voltage increases, the input current decreases.

4326-Final 10-18



Figure 10-13 is a current versus voltage plot showing a typical
generator I-V curve and the input characteristics of the three types
of loads mentioned (constant resistance, constant current, and constant
power). Point A of Fig. 10-13 is the intersection of the constant
resistance load line with the I-V curve. This intersection point
Jdetermines the operating point for the particular load line shown.
Point B shows the intersection of a constant current load. It will
be noted that both t he constant resistance and constant current load
have only one operating point for a given load and I-V curve. However,
it will also be noted that a constant power load intersects the 1-V
curve at two points labeled C and D. It can be shown that Point D
is a stable operating point and point C is unstable if the load appears
predominately capacitive whereas the converse is true if the load is
connected to the source through an inductor. The first case represents
the common use of a high efficiency converter/regulator such as is
found in the Ranger or Mariner power subsystems. The second case will
apply with loads which predominantly use magnetic components.

A simplified explanation of the stable versus unstable operating
points for the two load types is presented in the EolloWiug two
paragraphs. (It should be understood that the load need not actually
be a constant power load but that it has a sloping characteristic

similar to a constant power device).

Shunt Capacity

Figure 10-14 shows the steady state I-V characteristics of the
source and the load (similar to a constant power load). Assume that
a capacitor of significant value is connected across the system such
as would be the case when using a converter or inverter. Operation
can normally occur only at points C and D where the two curves
intersect. However, assume for a moment that the system voltage is
"forced" to Vl and then released. At Vl the current required by the

load is less than that available from the power source. This 'excess"

current can only go into the capacitor and therefore, will cause the
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total system voltage to increase further until point D is reached.

At point D, no excess current remains, the capacitor will no longer
be charged upward and the voltage will remain stable at the new point.
Now, assume Lhe voltage is forced to V2 and then released. The load
requires a greater capacitor which then discharges down to point D

and remains there.

Figure 10-15 indicates the same steady state source and load
characteristics as betore but indicates a circuit that includes
inductance. Since all elements are in series, the current at all
times is equal in each element. Assume that the current is momentarily
rorced to 12 and then released. At point IZ’ the load voltage 1is
less than the source voltage with the ditlerence appearing across
the inductor. The inductor voltage will diminish and in Coing so,
will increase the system current, forcing the operation towards
point C. Now assume the system current is forced to I1 and then
released. In this case, the load voltage is greater than the source
voltage with the inductor's voltage reversed with respect to the first
case. The diminishing inductor voltage in this case will decrease

the system current, restoring operation back to point C.

Repulaced Constaunt Power Load (DC to DC Converter Type)

In a system that must provide regulation to its loads, and which
must operate at high etficiency due to power input limitations, a
constant power load will invariably be the result. The fact that
there is more than one operating point with this type of load can
lead to difficulty in the system's operation, as previously described.

Figure 10-16 shows again the I-V characteristics of a thermionic
generator together with the input characteristics of a typical high
efriciency power converter. At very low input voltages to the con-
verter, the regulation portion is unable to. function properly and
therefore, the output voltage increases as the input voltage increases.
During this portion of the operation, the input current must increase.

This continues to happen until point O is reached, at which time the
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converter goes into regulation. From that point the input power is
held constant and the input current decreases as the voltage increases.
It will be noted that there are three points crossing the I-V curve

of the generator. Points A and C are stable operating po' nts whereas
point B is unstable and will not occur in practice. Operation at

point A is undesirable in that the power converter is not in regulation
at this point. Thereiore, the system uust contain some provision to

prevent operation at that point.

Addition of a Battery

Many solar-powered systems also contain a storage battery used
either during dark portions of a mission, or to supply peak loads
when they occur beyond the capebilities of the solar array. Power
can automatically be added to the system from the batteries by
connecting a series ''logic' diode to both the generator and the
battery. In this case, when the generator is loaded to a voltage
that is equal to or less than the battery voltage, the battery will
supply power to the system. Figure 10-16 (b) shows an I-V curve
characteristic which includes the addition of a battery. It will be
noted that at low input voltages, the battery provides power to the
system such that as the load current increases, the system voltage
will be maintained at the battery voltage. It will be noted here
that there are now the three operating points D, B and C. Again,
point B is unstable, but point D is still an undesirable operating
point since the power converter is not in regulation. Figure 10~16 (c)
shows a curve where a higher voltage battery is used. Point D is
a stable operating point and is within the regulating range of the
power converter. But, again, point D is an undesirable operating
point because power for the load is obtained both from the generator
and the battery. Again, means must be provided in the system to
force operation over to point C, to relieve the battery of the

unnecessary load.
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Figure 10-16(d) shows a condition where battery of even higher
voltage is employed. It will be noted here that only point C is
stable and it is the only operating point for the specific condition
shown. In other words, in this system the battery is used only for
peak load demands and to insure that operation is always at a stable

and regulated point.

Addition of a Shunt Regulator

Figure 10-16(e) shows a characteristic similar to Fig. 10-16(a)
except that the power converter regulates only over a certain input
voltage range. In this case, as the input voltage is increased to
a particular point, the converter goes out of regulation, its output
voltage increases as the input voltage increases, and therefore its
input current increases. This is indicated by the rising character-
istic at the high voltage end of the curve.

As shown, there is one possible operating point, E, Point E is
stable but undesirable since the power converter is out of regulation.
This can be remedied by including a shunt regulator in the solar ar-
ray such that as the array voltage increases to a certain point, the
shunt regulator will add to the system load to maintain the voltage
at the desired regulating point., This is indicated in 10-16(f). 1In
this case, operating point F is a stable operating point and within
the regulation capabilities of the power converter.

As an example, Fig. 10-17 shows curves of an actual booster reg-
ulator used on the JPL Ranger spacecraft. Two different operating
loads are shown along with I-V characteristics of the system with a
battery at approximately 20 volts and a shunt regulator at approxi-
mately 31.5 volts. It will be noted that during the higher power op-
eration, the system can operate in a battery sharing mode (point B)
or the solar panel mode only (point D). During the lower power op-

eration, the system operation is at one point only (point F).
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R 2

10.2.2 Systems Which Utilize a PS&L Unit

It is possible to design a power conditioning and
control subsystem which uses a power switch and logic unit in a man-
ner similar to a photovoltaic power system.

An investigation was made of this type of subsystem
as described in the following paragraphs. The design of the subsystem
will depend considerably on the output voltage and current levels,.

The design approaches considered are illustrated in
Figs. 10-18, 10~19 and 10-2C. Three basic apprvaches are possible, de-
pending on input voltage and regulated output voltage.

Table 10-1 gives a representative picture of the

voltage and power levcls that were covered in the study.

TABLE 10-I
CASES CONSIDERED IN PS&L SUBSYSTEMS

fomer | e |1 TR
T 1lav - 100w v v
11 2.8v = 200w " 4
IT1 S.bv - 400w v v
1V v - lkw v v g
\Y l4v -~ 4kw v v

Approach No, 1

This design approach is perhaps the simplest of all
the approaches selected. A block diagram of this scheme is shown in
Fig. 10-18. This scheme can be utilized for input voltage levels
ranging from 1.4 volts up to and including 14 volts. Because of its
simplicity, this circuit can yield high circuit efficiencies. This
is mainly due to the fact that the input power is switched only once
throughout the entire circuit, This occurs in the DC-DC converter

shown as the last block in the diagram.
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A thermionic generator system is shown as the power
source. The diode output control circuit serves to maintain the
thermionic generator load current constant at a predetermined value.
It also enables changing the output current and power levels of the
thermionic generator by external command. The power and switching
logic unit channels power from the diode output control circuit or
the battery system to the DC-DC converter. The switching will be
accomplished automatically at a predetermined value of output voltage
from the main power source. A system battery will be required to in-
sure system operation whenever the thermionic diode is not receiving
solar energy. The battery charger unit shown will serve to keep the

system battery charged.

Appreach Ne., 2

This approach is to be considered for input veltage
ranges from 1.4 volts to 14 volts, with power levels ranging from 100
watts to 4000 watts. The output voltage will be either 28 volts dc
or 56 volts dc. A block diagram of this scheme is shown in Fig. 10-19.
With this scheme a thermionic diode generator system will serve as the
primary source of power. The diode output control circuit will be
used to control the output operating power point of the thermionic
diode system. It will also serve to change the operating point through
an external command, The DC to DC converter shown in the circuit will
serve to step up the low voltages to higher dec levels. The type of
converter circuit indicated here is an unregulated DC to DC converter.
Because of the power levels, a driven converter was selected. The
power switching and logic unit shown in the diagram will receive power
from either one of twe sources. Primary power will be channeled from
thie DC to DC cenverter or from the system battery. Switching of the
main peower source from the DC to DC converter to the battery or vice
versa will be done automatically as determined by a preset system
voltage level. System power channeled through the power switching

and logic unit will be coupled directly to the system voltage regulator
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shown in the diagram. The voltage regulator will be either a booster
type of regulator or a conventional type. A comparison of detailed

performance characteristics will be required before a selection is

made .

Approach No. 3

This approach can be considered only for system in-
put veltages varying from 14 vde to 28 vde. Tor a regulated cutput

voltage of 28 vde, it appears possible to eliminate a DC,/DC converter.
This feature is extremely desirable and is shown in I'lg. 1u-20,

Power Switching and Logic Design

The PS&L unit will chliannel power from the generator
output control or the battery. Figure 10-21 shows three different
schemes of switching:

1. Diodes
2. Transistors

3. Relays

Diode Output Control Circuit

The diode output control circuit can best be described
as a variable parasitic load for the system. The diode output control
circuit recommended for approach 1 is shown in Fig. 10-21, 1In this
scheme the system current is used as the control current for a mag-amp.
The output from the magnetic amplifier is then used to fire a number
orf Schmitt trigger circuits, which in turn serve to control the series
switches indicated as Q1 through QN. The series switches are used
only as saturated switches and will not dissipate much‘power. Resisg~
tors Rl through RN will comprise the variable resistor. The actual
number of resistors and transistors used will depend on the amount of
resolution that will be required in the system. In order to change
the level of thermionic diode output current, the gain of the magnetic
amplifier can be changed, or the firing level of the various Schmitt
triggers can be altered; whichever provides better control will be

utilized,
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Power Switching and Lopic Circuit

The power switching and logic circuit shown in Fig.
10-21 will serve to channel power from the diode output control unit
or the system battery to the DC-DC converter. Figure 10-21 shows
three different schemes of switching the system power by diodes, by
transistors, and by relays. The diode scheme was used successfully
on the Ranger Spacecraft power system. <The line voltage was 31.5vdc.
Unfortunately, at low voltage levels (such as 1.4 volts) diodes appear
unattractive. For example, with a 1.4 volt input at a power level
of 100 watts, the current will be 70 amps. Power lost in the diode
alone would be in the neighborhood of 70 - 75 watts or approximately
75 percent of the input power.

The transistor approacli appears attractive for the low
input voltage rance from the standreint that they dissipate very lit-
tle power in the saturated condition. For example, for a system cur-
rent of approximately 50 amps, a series transistor switch would drop
approximately 50 millivolts (2.5w) as compared to approximately 1
velt (50w) *or a silicon diode. As the input voltage increases, these
low voltage transistors can no longer be employed a- it is possible
to exceed the collector-to-emitter breakdown voltage of 10 volts. At
the higher input voltage and the current levels, we can then consider
other types of germanium transistors which typically have a saturation
voltage of 0.45 volts at 50 amperes. The use of silicon transistors
can also be considered. Silicon transistors are currently available
with 10 milliohms saturation resistance for a collector current of
150 amps (1.5v). The use of vacuum relays for power switching in the
power and switching logic unit should also be considered. Relays
capable of switching several 100 amps even up to thousands of amps

are currently available,
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10.2.3 Recommended System Description

A system has been devised which climinates the PS&L
unit and utilizes constant current control of the generator.

In a simplified form the system will consist of a
generator, a load control device, a battery, a battery charger and a
regulator. System connections for single generator systems and multi-
ple systems are shown in the following paragraphs.

A simplified block diagram of a single generator sys-
tem is shown in Fig. 10-22, To simplify the explanation of the sys-
tem's operation, it will be assumed that the generator output voltage
and current can be readily handled by the various components of the
system. A system consists of the generator, the parasitic load which
in itself consists of a shunt lcad and a battery charger, a battery
for energy storaze, a battery converter and a voltage regulator. From
earlier discussions it was determined that the generator's load should
be constant and that it should be a constant current load. Since the
system load is assumed to be a variable, the parasitic load must vary
in accordance with the system load to maintain the generator current
at a constant value.

During times when the load current is less than the
constant generator output current, the parasitic load must make up
the difference. The parasitic load is the sum of the shunt load and
the battery charger load. The battery charger input current will
therefore be limited by the parasitic load requirement. Additionally
it will be controlled by the charge condition of the battery. The
excess parasitic load current required to maintain a constant gener—
ator load will be absorbed by the shunt load. The control for the
shunt load will therefore be the difference befween the generator
output current (a constant value) minus the charger current and the
load current. The basic current equations for this operation are

shown below.
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1. I =K, = Constant current load on the generator

g i
under all operational conditions
2. IL< Ki (Generator output capabilities greater
than the load current demand)
3. ILZ =0 (no power supplied from battery)
4, ILi = IL
5. Ip =1 —IL (parasitic load current requirement)
&
6., I =1 +I (I is a function of state of charge of
p s c c i
the battery)
7. I =71 =(T_ +I, )= contrel for shunt load
s g c 2

The second operating condition exists when the load
current 1s greater than the generator output current. In this case
the extra current requirement will be provided by the battery. The
battery charger is disabled as is the shunt load to reduce the para-
sitic load current to zero. A DC to DC converter (connected between
the battery and the input to the voltage regulator) is activated.
This DC to DC converter is controlled with respect to current and
specifically with respect to the difference between the load current
and the generator current (a constant value). The equations for this

operation are shown below.

1. 1I.>1 (Generator output capability is less
than load demand and therefore bat-
tery must supply power difference)

2, I =1 +1 (Load current equals sum of battery

L Li L2
current plus generator current)

3. Ip =0 (no parasitic load)

4o 1=

N g Li

5. 1 =1 -I_, =1 -K.= control for battery converter

It will be noted that this system requires a DC to

DC converter between the battery and the system voltage regulator.
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In solar cell systems this has generally not been required. The pri-
mary reason for this is that in a solar cell system the choice of
whether to connect or not comnect the battery to the system has been
proportional to voltage rather than current. Since the voltage level
cannot be used as a control in the thermionic generator system and
current must be used as the control, thc DC to DC converter is re-
quired.

The basic concept for a multiple generator svstem is
the same as a single generator system except means for summing the
outputs of the gencrator must be employed. Figure 10-22 shows one
method of summing the outputs of the two generators of a two generator
system by simply connecting the two in series. The remainder of the
system operates exactly as described for the single generator system.
Another variation is shown where a DC to DC converter is connected
between each generator and the leoad. The outputs of the load of the
two DC to DC converters are connected in series. Again, beyond this
point the operation of the system is as described before. However,
in this system it is possible to connect a diode across the output
of each converter in its reversed direction so that should one gen-
erator fail, power from the second generator will still be fed to the
load Of course the system voltage will be reduced by a factor of
two as will the total power capabilities. The electronic equipment
that follows the DC to DC converters will have to be able to operate
under these reduced voltage conditions. Figure 10-23 shows a system
that is similar to the above system except that rather than connecting
the two (or more) generators in series, thev are connected in par-
allel. FEach individual output is controlled with respect to current.
In this case a DC to DC converter is connected at the output of ecach
generator with the DC to DC converter controlled with respect to gen-—
erator output current. The output to the remaining portion of the
system is the sum of the two currents from each of the two generators

shown. In this system the failure of one generator will again reduce
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the system power by a factor of two (of course if a greater number of

generators are employed, the power reduction will be less).

10.2.4 Low Input Voltage DC/DC Converter

A basic block diagram of the low voltage DC/DC Con-
verter is shown in Fig. 10-24, This block diagram applies to most
DC/DC converters., Three basic circuits for low input voltage DC/DC
converters are shown in Figs. 10-25, 10-26, and 10-27, respectively.
There are many variations possible,

The converter shown in Fig. 10-25 is basically a
standard unregulated type of saturating transformer device like that
found in many power converters used commercially. The primary dif-
ference in this case is that the input voltage is considerably lower
than in most other applications. Because of the low voltage and high
current, the power transistors must have a very low saturation volt-
age. With present day technology, germanium power transistors must
be used to obtain the high efficiency desired. Further, the power
transformer design is more critical than normal because of the high
current requirement and the relatively high voltage step-up ratio.
Because of the few turns required on the primary, special design
techniques must be used to provide good coupling between the primary
and the secondary windings.

The output circuit of the converter is standard and
is uncoupled (dc wise) from the input so that the output can be added
to outputs from other converters if required.

The circuit shown in Fig. 10-26 is similar except
that a low power driver transformer is used which provides the satu-
rating device for the circuit. The advantage of this connection is
that the peak currents obtained in the ccollectors of the power tran-
sistors are reduced somewhat. llowever, the disadvantage is that the
power transformer will weigh approximately 30 percent more than in
the first circuit because it must have a larger core with more wire.
Again, the output circuit of the converter is isolated so that it

can be added to other converter outputs.
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The third circuit, ¥Fig. 10-27, is similar to the sec-
ond except that it is a driven device so that it can be pulse-width
modulated and can, therefore, incorporate voltage regulation. In the
connection shown, the output voltage is compared to a reference volt-
age and the difference used to provide the pulse-width modulation.

By measuring and then referencing the input current, the device can
be made to regulate with respect to input current and therefore, be
able to control the current loading on the thermionic diode.

Because of the pulse-width modulation, the converter
must have an averaging output L/C filter in addition to the non-satu-
rating power transformer and therefore its weight will be greater than
either of the other two DC/DC converters shown in Figs. 10-25 and
10-26. The input capacitor Cl must be able to store a large amount
of energy so as to limit the input current ripple imposed on the therm-
ionic diode. The capacitor value must be significantly larger than
that required on the non-regulating converters because of the narrow
pulse-widths that must be employed. The capacitor must further have
a low AC impedance since the pulse currents are very large.

Typical experimental efficiencies of unregulated low
input voltage DC/DC converters are shown in Fig. 10-28. The curves
indicate the dependency on input voltage and show that higher effi-

ciencies are more readilv obtainable with higher jnput voltages.

10.2.5 Shunt Load Control

As described earlier, the shunt load control is used
to provide a resultant constant current load on the thermionic gen-
erator itself regardless of the load of the system. The control for
the shunt load device is obtained by measuring the battery charger
current and load current and subtracting the sum of the two from the
desired constant value selected for the thermionic generator operating
current. The measurements and computation can be conveniently ac-

complished by employing a magnetic type AC operated current detectors.
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The shunt load consists essentially of a dissipative
device whose effective load resistance can be varied. The simplest
form of this is a power transistor connected across the bus voltage
whose base to emitter voltage is adjusted to provide the appropriate
load current., Figure 10-29a shows this simple form of shunt load.
For reasons of power handling capability and redundancy, a number of
transistors can be connected in a series/parallel arrangement to
1) distribute the power to be dissipated and 2) to provide redundant
current paths should a transistor either open circuit or short cir-
cuit,

Figure 10-29b is a modification to Fig. 10-29a with
a resistor placed in the collector of the transistors. The resistor
value is selected to provide the maximum desired loading with a com-
pletely saturated transistor. The advantage of this circuit is that
a smaller amount of power is dissipated in the transistor thereby
reducing the cost, and weight and increasing the reliability.

Figure 10-29c shows a third shunt load device in
which all (or nearly all) of the power is dissipated in the collector
resistors of the transistors. In this circuit, a fairly large number
of transistors and resistors are used with each one providing an in-
cremental load to the system., The transistors are either turned on
or off as controlled by a simple analog to digital converter. The
input to the A/D converter is the required control input as in the
other shunt load devices. One disadvantage of this circuit is that
it will provide a step type loading and therefore the system must
have a proper amount of "hysteresis" built into it to prevent insta-
bilities, This system does have the advantage that the major power
is dissipated in resistors which can operate at higher temperatures
than the transistors. This, in turn will reduce the size of the

heat radiator that must be provided in the system.

10.2.6 High Voltage DC/DC Converter/Regulator

The initial low input voltage DC/DC converters used

in the system do not provide a regulated output voltage for reasons
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discussed earlier. Therefore, there must be an additional step added
to the system to provide the necessary dc voltage regulation. Since
high efficiency is required, a switch moude type regulator will be
used. A booster regulator type of converter could be employed but
for reasons of increased efficiency, reduced weight and reduced com-
plexity, a switch mode down converter/regulator should be used.
Figure 10-30 shows a functional diagram of such a
converter/regulator. The input transistor Ql turns on and off at a
prescribed rate and with a prescribed duration to supply an output
energy sufficient to provide the desired output voltage. L1 and C2
form an averaging filter for the chopped de input. The output volt-
age 1is sampled and compared to a refcrence voltage and finally used
to control the power transistor Ql. Efficiencies over 90 percent are
readily attainable with the device when power drive circuitry is uti-

lized.

10.2,7 Battery Charger

The battery charger will essentially consist of a
standard DC/DC pulse-width modulated device with an averaging output
filter. The charger will be controlled by various inputs depending
on the operating mode, the power available and the battery condition.

The charger will be used as part of the "parasitic"
load to provide a constant load current for the thermionic generator.
Therefore, the charger must have one control input that limits its
input current to a value which will not overload the thermionic gen-
erator. (With this input, charging will automatically be discontinued
should the load current exceed the thermionic generator output current
control point). DBattery charging will be constant current but modi-
fied by terminal voltage and battery temperature. Therefore, the
charger will provide a constant charge current until the terminal
voltage reaches a preset value at which time the charge current will
be reduced to a low trickle charge value. The preset voltage will be
temperature dependent and controlled by a measurement of battery tem-

perature.
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Tig. 10-31 shows a block diagram of the battery charger

with its control inputs.

10.2.8 Battery Converter

Since the battery cannot be connected to the unregu-
lated DC bus by conventional techniques such as are used on Ranger and
Mariner vehicles, a DC to DC converter must be connected between the
battery and the bus to provide the proper power summation. In order
toc provide the proper control, a pulse width modulated DC to DC cen-
verter must be used which obtains its control input from a measurement
of current,

The battery converter is used only when power is re-
quired from the battery. This will only occur when the load current
exceeds the preset output current capability of the thermionic gen-
erator. When this occurs, the battery charger and shunt load are made
inoperative and the battery converter activated. The output control
for the battery current is obtained by taking the difference between
the load current and the thermionic generator preset current such that
(battery converter load current) = I (load current) - ILl (Ig= Kl)'

L
Figure 10-32 shows a block diagram cf the battery

I
L2
converter with its control inputs.

Battery

The following electrochemical systems are compared
here for potential application to solar thermionic systems.
1. Nickel Cadmium
2, Silver Cadmium
3., Silver Zinc
4

. Regenerative hydrogen-oxygen fuel cell

10.2.8.1 Cycle Life, Size, and Weight

The system that has the most extensive cycle
life data is the nickel cadmium battery. There is only limited data

on silver-zinc rechargeable batteries and a somewhat greater amount
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of data on silver-cadmium batteries. The data available is quite
scattered, and conducted on different cycles and different test con-
ditions, More recent data shows cycle life improvements over pre-
vious data of a year or two ago. It is extremely difficult to obtain
absolute values for cycle life capability due to the tremendous scat-
tering of available data. Figure 10-33 is a compilation of various
sources of cycle life vs. depth discharge data for the battery sys-
tems, Average curves are presented. If ranges were used, the ranges
would cover the entire page for each line. It should be pointed out
that the standard cycles that are normally used for evaluation of
these batteries are the 100 min. cycle, 35 minutes discharge, 65 min-
utes charge; the two-hour cycle, 35 minutes discharge, 85 minutes
charge; and the 24~hour cycle, 1.2 hours discharge, 22.8 hours charge.
For slower cycles, such as 50 hour with 3 hours discharge, charging
conditions are considerably more relaxed than the other cycles de-
scribed, since it allows moderate rates of discharge, and long pe-
riods for recharging of the battery. This type of cycle would gen-
erally improve cycle life performance improvements above what is
available in the literature. However, in such a slow cycle, over-all
wet life and deterioration come into effect as limiting factors on
life, pessibly to a greater extent than total cycle lifo. m thae
right ordinate of Figure 10-33 is the watt—hour per pound capability
of the systems. The values for watt hour per pound at 100 percent of
discharge were linearlv decreased as a function of depth of discharge
on the curve which is not exactly true, but the error is slight,
These energy vield capabilities are also subject to variation de-
pending upon details of construction, size of battery, and rate of
charge and discharge at which the energy yield is determined. Es-
sentially, lower rates of discharge, as experienced in this appli-
cation, generally yield higher energy outputs. The levels chosen
are realistic values for sealed batteries of the size for this ap-

plication,
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The graph shows cycle life data for both
Z4~hour and 2-hour cycles for the silver batteries. There is an in-
consistency in the order of these curves. The silver zinc system
shows better performance at the 24-hour cycle, while the silver cad-
mium system shows better performance at the 2-hour cycle. However,
there is only limited data at the 24-hour cycles, and until more data
is available, these curves should not be used as a basis for a choice.
The curves are only included to show possible future trends.

The H2—02 system is shown as not being af-
fected by cycle life. The maximum number of cycles yet obtained is
30 cycles on a 90 minute test cycle, but the curve is projected to
200 cycles,

As an example, for a battery delivering
something like 75 cycles, it appears that the silver cadmium battery
is capable of being discharged at 100 percent of discharge. However,
this is not recommended due to the likelihood of series cell imbalance
problems. Therefore, a maximum 80 percent depth of discharge should
be considered for this system resulting in an energy yield of 20 watt
hours per pound. For the silver-zinec system, it appears that a 45
percent depth of discharge could yield 75 cycles, and the energy out-
put at that depth would be 18-watt hours per pound, or very close to
the silver-cadmium vield, Tic¢ nickel cadmium battery even if dis-
charged at 100 percent depth of capacity would only yield 12 watt
hours per pound. The regenerative hydrogen-oxygen fuel cell rated
at 20 watt hours per pound on the complete package at 100 percent
depth of discharge appears to be capable of yielding 20 watt hours
per pound also, Therefore, the three systems silver-zinc, silver-
cadmium, and hydrogen-oxygen based on just cycle life are almost equiv-
alent in energy output. Table 10-IT summarizes this data,

For a three cycle application, any of the
systems could be used at an estimated 80 percent depth of discharge.
Therefore, the silver-zinc system looks most attractive as shown in

Table 10-II.
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Table 10-I1 also shows estimated volumes for
all the systens., If advances can be made in the H2—02 system to store
gases at higher pressures, its size could be reduced.

10,2.8.2 Total Wet Life

A typical planetary orbiter mission might
require a total wet life from launch of up to 450 days. In addition,
probably 2-3 months additional wet life would be required for manu-
facturing of the batteries and delivery to launching facility. This
wet life requirement is a problem for the silver-zinc battery. This
type of battery deteriorates whether in use or not. The separator
materials employed are subject to deterioration by the electrolyte
over long periods of time. Typical vented and sealed silver-zinc
cells are rated at 1-2 years wet life. The silver-cadmium battery
deterioration with age is not as critical. In the ca.e of the nickel-
cadmium and the hydrogen-oxygen fuel cell, there scems to be no seri-

ous mechanism of deterioration during wet life.

10,2.8.3 Temperature Sensitivity

Of the battery systems, the silver-zinc bat-
tery is most sensitive to temperatures. Elevated temperatures, 125°F
and above cause increased chemical deterioration, and reduced life.
Lower temperatures (3OOF and below) on the other hand cause poor
electrochemical performance. However, in low rates of charge and
discharge application , lower temperatures could probably be tolerated.
The silver-cadmium and nickel-cadmium batteries are less affected by
temperature variations. MHowever, they do exhibit shorter lives at
temperatures above 1250F, and poor performance at temperatures below
30°F. The regenerative hydrogen-oxygen fuel cell requires an op-
erating temperature range of s,ISOOF for operation. This temperature
is generally maintained by cell inetficiencies, but if allowed to fall

below 120°F performance would drop off considerably.

4326-Final 10-58



10,2.8.4 Charge Techniques

In the casce of the nickel-cadmium batteries,
continuous trickle charging of the cells would be allowable. No elab-
orate control would be necessary since when tihe cells became fully
charged, the gas recombination mechanism within the cells would take
over, and the pressure in the cells would reach an cquilibrium level.
In the case of the silver-zince and silver-cadmium cells, the over-
charge capability of these cells, at the present state of the art, is
behind those of the nickel-cadmium cell. It may be possible to obtain
cells of the silver-cadmium type with sufficient over-charge capabili-
ties for this application., If not, it is necessary to provide volt-
age cut-off and charge control, for end of charge, to prevent over-
charging, gasing, and cell bursting. The regenerative hydrogen-oxy-
gen fuel cell can be simply controlled by providing a pressure switch
in the cell so that when the cell is charged to a pre-determined gas

pressure level, the charging circuit would be disconnected.

10,2.8.5 Sterilization Capabilitics

Both silver batteries employ cellulosic type
separator materials that are necessary to reduce silver migration, a
potential cause of cell failure. These types of materials are not
capable of sustaining the sterilization temperatures in the alkaline
electrolyte employed within the cells. Therefore, unless new separator
svstems can be made available, these type batteries could not be ster-
ilized. The nickel cadmium and the regenerative fuel cell batteries
use separator materials that are essentially electrode spacers and
electrolyte holders., The materials cemployed in these cells could be

made to withstand sterilization requirements,

10.2.8.6 Environmental Capabilities

All of the battery systems have becn sub-
jected to ranges of environmental requirements for other application,
and it appears that this should not present a problem. The regener-

ative fuel cell has no test data available, but if the unit 1is designed
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properly, it too should be capable of meeting all types of environ-

mental requirements encountered in space applications.

10.2.8.7 Availability and Experience

The most readily available battery is the
nickel cadmium cell. It may be possible that existing cell sizes are
available to meet this application. If not, custom cells can be
readily designed for the application. lhe silver-cadmium battery
state of the art is similar. Nickel cadmium batteries have been
used extensively on essentially all of the satellite systems in use.
There have been a few satellite systems employing silver cadmium seal
cells in the explorer series, Explorer XII, and others. In the case
of the silver-zinc, the only space proven batteries are those that
have been used in the Mariner and Ranger applications and these are
essentially primary batteries. The li,-0, system is still in develop-
ment, and it is estimated that one or twé years of work would be re-
quired to make such a unit. After that, a considerable amount of

testing would be necessary.

10.2.8.8 Performance Characteristics

Figure 10-34 shows typical charge-discharge
curves for the various battery systems, and Table 10-TIII shows typical
storage efficiency for the different systems calculated on the basis
of the performance as shown in Fig. 10-34. The Ni-Cd system requires
considerable overcharge to replace used capacity. At low rates of
charge, as encountered in the orbit application, charge input can go
up to 200-300 percent. This can be overcome somewhat by reducing the

charge period, and increasing the charge current rate.
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10.2.8.9 Voltage Regulation

Ranges of output voltages from 20-60 volts
do not appear to offer a difficult problem. 1!ore cells one used to
achicve a higher voltage battery generally results in increased
weight, reduced reliability, increased size, and essentially the same
\ percentage regulation. These cffects would not, however, be drastic

in the range of 20-60 volts.

i 10.2.8,10 Packaging
Sealed nickel-cadmium batteries are generally

packaged in welded deep drawn metal cans with ceramic to metal termi-

} nals. These cells are generally connected in a series stack, and con-
tained in an outer metal container. The sealed silver-cadmium and
silver-zinc batteries fabricated thus far are generally assembled in
plastic cell cases, as conventional vented cells are, then placed in

7 an outer metal container and filled with an epoxy sealing compound

' to provide the hermetic seal. If desired, it would be possible to
locate groups of cells at various locations within the vehicle., The
best appreoach for this would be to connect groups of cells in series
since these cells are constructed in a modular concept. However, it
probably would be necessary tc encase each group of cells with mount-
ing hardware, connectors, etc., thus resulting in increased weight.

The H, -0, system would require cne cylindrical package or a consid-

2
erable weight increase would occur.
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10.3 Configuration and Performance

Using the information prescented in the preceding paragraphs,
it is possible to show a final system configuration of the power con-
ditioning equipment for a typical solar-thermionic power system. A
block diasram for the system is shown in Fig. 10-35. This diagram
does not include certain required controls such as solar flux control,
attitude control, cesium rescervoir temperature control, and so forth.

As discussed earlier, a thorough tradeoff study should be
made to determine the amount of redundancy or diode bypass capability
that should be included in the system. For the purposes of showing a
completed system, the block diagram assumes the use of several low
voltage dc to dc converters connected in an appropriate series-parallel
arrangenent. Thercfore, in this sistem should one diode fail by
opening, power output will be lost for n diodes.

The overall cfficiency of the electrical conversion and
control cquipment can be computed for various operational cases. The
first casc is the configuration where power is supplied to the load
through the power conditioning equipment but not through the battery.
In the second case, the power is supplied through the battery. (There
are other variations such as the casc where part of the power is sup-
plied by the battery while the remainder is supplied by the source.)

Typical efficiences are listed telow using individual equip-
ment efficicncics (see Fig. 10-36) but do not consider other system
losses such as connecting leads, thermal loss within the generator,
ctce. Efficicncies listed below are nominal and will vary somewhat

depending on the specific application.

Reasonable Efficicncies of Conditioning Equipment

I. Low input voltage DC/DC converter
i = 90 percent

2. Shunt load
The shunt load efficiency will include control power loss

and will include a factor to compensate for the inability
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to operatc cxactly at maximum power. The efficiency will
be shown f{or operation at maximum load since this is the
case of primary importance.

1, = 90 percent

3. Voltage regulator

Ny = 90 percent

4. Dattery charger

Ny = 80 percent

5. Battery DC/DC converter

Ny = 85 percent

6. Battery
The battery power efficiencv includes its voltage efficicncy
plus its overcharge requirement. A silver zinc battery is
assumed for this computation

g = 70 percent

Efficiency - Case A

The first case will exclude the battery. This would be
normal sun-powered operation where the load requirement is equal to

or less than the source power output (less losses).

Uy X ig = 0.9 x 0.9 x 0.9 x 100 = 73 percent

Efficiency - Case B

The sccond case will include the battery. This would be
equivalent to operating through the battery charger, battery, and

battery DC/DC converter.

Gy ¥ g X g = 0.9 x 0.8 x 0.7 x 0.85 x 0.9 x 100 = 39 percent

Efficiency - Casc C

If we assume a mission that utilizes battery power 10 percent
of the time, the resultant conversion efficiency is 73 percent x 0.9
+ 39 percent x 0.1 = 70 percent overall to the rcgulated DC output

voltage.
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When the output load requirement of the system is less than
the output capability of the thermionic gencrator, the excess power
is used to charge the battery or is dissipated in the shunt load. The
charger will draw only the amount of cxcess current available during
charging or it will be limited by the charge requirements of the battery.
If additional power is available from the generator, it will be absorbed
by the shunt load. During pcak load requirements, the charger and shunt
load are disconnected electrically and the battery converter is acti-
vated so that the excess power requirement is obtained from the battery.
The output of the battery converter is controlled such that the sum
of its output current and the bus output current is equal to the cur-
rent required by the load.

The weight of the power conditioning and control depends on
power level, voltage from the generator, specific load characteristics,
the temperature environment, and other related factors.

Figure 10-37 shows typical weight and efficiency character=-
istics for DC/DC converters in a system situation where the voltage
output from the gencrator varies with power level. Characteristics
are shown for 1965 and 1970, the former is based on laboratory develop-
ment to date at several laboratories and the latter extrapolated from
estimates of future capability published by GE, Westinghouse, RCA, and
others.

Figure 10-38 shows the specific weight estimated for 1970
DC/DC converters as a function of power level and voltage input.

The low voltage DC/DC converter is the primafy contributor
to power-conditioning and control of weight. This is illustrated in
Table 10-1V which shows a typical weight breakdown for a 300-watt
system, where 3 DC/DC converters arc used for reliability. As shown,
about two-thirds of the weight is occupied by the DC/DC converter.
While this ratio will vary according to each system requirement, the
application of this ratio and the use of Fig. 10-38 is sufficient for

preliminary systems analysis.
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Item

Low voltage
DC to DC
converter

Shunt load
(less

radiator)

Battery
Charger

Battery
Converter

Voltage
Regulator

432H=-Final

TABLE 10-1V

TYPICAL WEIGHT BREAKDOWN -

Weight per Unit

Quantity 265
3 7
1 3
1 2
1 3
1 2

300-WATT SYSTEM

Total Weight

Efficiency (%)

1970 1965 1970 1345
2.5 21 7.5 91
1.0 3 1.0 90
1.0 2 1.0 80
1.0 3 1.0 85
0.5 2 0.5 90
Total 51 10.5
10-71

1970

92

95

85



11. RECOMMENDATIONS FOR DEVELOPMENT PROGRAMS

This section contains recommendaticns for twenty-seven separate
programs which represcent a logical extension of current technology
leading towards {light systems in the near fucure.

Eaclhh program is of importance in the development of high effi-
ciency, reliable solar-thermionic systems. The scope and nature of
each program results from analyses and judgments reported elsewhere
in this document.

Ideally, solar-thermionic systems problems should be attacked on
a broad {ront with a series of flight systems being prepared which
represent progressive increases in system performance, reliability,
weight and other features. However, practical considerations place
a limit on cost budgets. Consequently, the number of systems which
can be developed to flight readiness must be limited.

All of the twenty-seven programs outlined here are important to
the development of a 5-foot or 9-1/2-foot system. he flight readiness
date for any specific system will depend on the amount of effort which
can be reasonably applied in the near future.

Figure 11-1 consists of a PERT-type network which describes major
steps leading towards flight readiness for cach of five systems. The
chart could be converted into a PERT plan with the addition of esti-
mated times of activities and other schedule information. The PERT-
type plan in Fig. 11-1 shows only the major milestones and represents
a first itcration. Other iterations should be accomplished on a con-
tinual basis as part of a system development plan.

The characteristics of each of the five systems in Fig. 11-1 are

summarized in Table 11-I. The physical characteristics of the five
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systems in Table 11-I are based on judgments regarding developmental
progress, assuming that serious efforts are taken to achieve systems
hardware.

An integrated plan for systems hardware is definitely required
with continual updating and shifting of emphasis to insure that flight
systems achieve a readiness state. This plan should be continuously
reviewed by JPL. 1In fact, this program is perhaps as important as any
of the other programs described in this text.

Milestones illustrated in Fig. 11-1 generally cover the twenty-
seven recommended programs; the chart is included as an example of the
relationship between programs for any given specific system. Steps
leading towards System B are outlined by heavy lines for illustrative
purposes.

A list of the recommended programs is shown in Table 11-II. Tech-
nical area and program title are listed. The programs were selected
on the basis of immediate need and uscfulness. Priority establishment
should depend on mission selection, systems development schedule, and

other related factors.

11.1 Concentrator Programs

11.1.1 Program 1: Evaluation of Mirror Coatings

A major problem area in the development of solar-
thermionic systems is the need for confirming the ability of a highly
specularly reflective coating to withstand the space environment.

Some experimental evidence has been accumulated which
indicates that most types of silver and aluminum coatings will degrade
severely in the solar UV and x-ray environment of space. Most success
has been obtained with barrier-layer type A1203/A1 coatings. However,
to EOS knowledge, the work accomplished to date was performed in a
10_5 to 10_6 mm. Hg environment. Work accomplished by EOS on gold and

copper surfaces at 10-9 mm. Hg indicate that experimental data at lower

pressures can be misleading.
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Technical Area

1. Concentrator

%]

Generator Support

3. Generator

L. Power Conditicning
and Contrel

5. Solar Flux Control

6. Cs Reservoir Control

4326-rinal

TABLE 11-1I
RECOMMENDED DEVELOPMENT PROGRAMS

[Re]

14,

15.

16.
17.

18.
19.
20.

Program Title

Evaluation of Mirrer Coating
Establishment Concentrator Coating
Techniques

Dynamic Analysis and Test of 5-foot
Concentrator Structures

Dynamic Analysis and Test of 9-1/2-foot
Concentrator Structures o o
Development of 9-1/2-foot, 50 to 60

Rim Angle Master

Investigation and Environmental Test of
Al, Be and other Mirrors

Rear surface coatings for Conoentrators
Investigation of Techniques for Stiffening
Thin Mirror Skins

Investigation of Torus-Attachment Tech-
niques

Design and Development of Unfolding
Generatcr Support for 5-foot System
Design and Development of Rigid Genera-
tor Support for 5-foot System
Optimizaticn of Generator Support Design
High Power Density Diode Advanced Heat
Transfer Program

High Power Density Diode Material
Development Program

Thermionic Converter and Generator

Life Testing Program

Acquisition of Dicde Application Data
Prototyvpe Converter and Generator
Manufacturing Development Program

Design Study of 1KW Thermionic Generator
Cavity Design and Development
Investigation of Effect of Lower Tempera-
ture on Converter Life and Performance
Power Distribution and Control Prototype
Asscmbly and Test

Investigation and Development of High
Temperature Leow Veltage DC/DC Converters
Development of Solar Flux Control Mech-
anismns

Development of Solar Flux Control Elec-
tronics

Development of Prototype Cs Reservoir
Control System



TABLE 11-IT (. cntd)

7. System Analysis 26. Dcvelopment of Test Plan and Test tech-
Design and Test niques fer Solar-Thermionic Systems
27. Devclopment of Systems Optimization
Program

The effects of solar proton and micrometeoroid dam-
age are largely unknown. Simulated sclar proton bombardment on re-
flective aluminum surfaces has resulted in degradation ranging from
zero to 10 percent for an equivalent 1000 hr carth-space average sun
year cxposurc. The opinion of many specialists is that solar proton
damage is less of a hazard than UV and x-ray damage.

Tests performed by Lewis on reflective samples pr -
vided by EOS indicated severe degradation from micrometeoroid bombard-
ment. Considerable question arisecs, however, as to whether the amount
of bombardment simulated 6 months or 60 years in space. Until the
statistical variance of micrometeoroids in space is explored further,
earth investigations of micrometeoroid bombardment phenomenon are
likely to be extremely misleading.

While solar proton and micrometeoroid damage simu-
lation is largely hypothetical, UV degradation is more amenable to
accurate simulation if the proper care is taken to provide a space
environment. Furthermore, for reflective surfaces, UV degradation is
likely to be the most serious factor.

The best way to measure space degradation is to fly
samples in space. In lieu of this, EOS recommends that a UV test
facility be assembled which can be used for test of reflective samp les .
Techniques and equipment would be similar to those used sucessfully
by EOS on a previous program for AF Cambridge Research Center; this
equipment is now in operation at ATCRC.

The vacuun chamber, light source, pumping system and
associated fixtures would be JPL equipment. Associated test gear such

as a monochromonator and spcctrophotometer would be provided by EOS.
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Program Tasks

Assembly of a laboratory facility to simulate the UV space
environment. Equipment can be later incorporated to simu-
late proton bombardment. Vacuum conditions should be less
than 10—9 Torr and UV intensity should be capable of ten
times the intcensity under earth conditions.

Perform a series of tests on selected silver and aluminum
coatings w.th a nominal 1000 hr equivalent space exposure
to determine the mechanism of degradation and the typc of
coatings which show least degradation. Samples of coatin:s
would be selected {rom different vendors with a variety
coatings, interf{erence layers, ctc.

On the basis of preliminary tests, select several coatings
for long life Ltests under sinulated UV environment.
Introduce, if possible, the effects of solar proton bom-
bardment.

Program Goals

Selection of a coating least susceptible to space degrada-
tion.

Sclection of coating with the follouing performance goals
a) 85 percent reflectivity

b) Greater than 0.15 emissivity

c¢) Degradation less than 5 percent for one year at earth

conditions

11.1.2 Program 2: Establishment of Concentrator Coating
Techniques

At the present time, experience with the coating

techniques for 5 to 10-foot concentrators is limited. Coatings used
in solar tested mirrors have been vapor deposited aluminum (with and
without a silicon monoxide over coat), sprayed silver, and vacuum

deposited layers of aluminum and quartz produced by L.O.F.

11-7
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Several facilities exist for a 5-foot concentrator
coating both on the West and East Coast. Only one facility exists
for 10-foot concentrators at L.O.F. At present, the techniques for
coating are not exact and depend to a considerable extent on the
judgment of the particular individual applying the ccating.

It is likely that the concentrator surface must be
exactly prepared in order to avoid degradation in the space environ-
ment. Exact preparation implies the use of known facilities, equip-
ment and techniques which have been proven through test.

It is recommended that a contractor prepare a con-
centrator coating facility and undertake a program specifically in-
tended to definitize the nature of the coating process. Techniques
and rules for the coating process would be derived including pres-
sure, temperature, pump down techniques, filament placement, evapo-
rative source, and others.

Program Tasks

1. Assembly of equipment suitable for vacuum deposition of
aluminum, silver, quartz and cthcer suitable coatings on
5 to 10-foot mirrors with a variation in temperatures,
pressures, etc.

Assembly of the facility.

2. Embark on an experimental program to deposit ceoatings un-
til complete understanding of the interaction of all
coating parameters is achieved and the reproducibility of
various types of coating is confirmed.

Program Goals

1. Establish a facility which is available on a short-term
notice, has the ability to apply coatings which will with-
stand the space environment and can apply coatings repro-
ducibly.

2. Establish techniques and ground rules for coating which

can be used reproducibly.
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3. Attain uniformity of reflective coatings over the entire
surface of the concentrator and uniformity of degradaticn

to within #3 percent.

11.1.3 Program 3: Dynamic Analysis and Test of 5-Foot
Concentrator Structures

At the present time experimental and analytical data
on the ability of concentrator structures to withstand vibration,
acoustic and thermal shock environments is inadequate. A comprehen-
sive program is required to establish structural limits on torus at-

tachments, skin thicknesses, materials, and other concentrator fea-

tures.
This program would help establish analytical back-

ground which could be used for future design of concentrators and
would help establish safety margins for structural design.

The 5-foot concentrator is selected as being typical
of the smaller concentrators that will be used in space. The dynamic
analysis would determine the variations in diameter, torus design,
rim angle, and other concentrator physical features needed for vari-
ous mission applications.

Program Tasks

1. Develop fixtures, instrumentation and facility adequate to

perform experimental dynamic analysis of 5-foot concentrators

for vibration, shock, acoustic.

Perform a series of tests which determine vibration charac-

N

teristics, acoustic characteristics and yield limits of
concentrator structures as a function of skin thickness
and taper, material, torus and support design, attachments,
and generator support design.

3. Using experimental data, derive and confirm theory which
will adequately describe concentrator performance.

Program Goals

1. Establish a background of experimental data which can be

used for design of concentrators in the 5-foot range.
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Optimize concentrator/torus weight.
3. Establish the practical advantages and disadvantages of
materials and torus attachment techniques.

11.1.4 Program 4: Dynamic Analysis and Test of 9-1/2-Foot
Concentrator Structure

This program would be identical in scope to Program
3. However, the dynamic analysis of the 9-1/2-foot concentrator
would follow the initial experiments performed with the 5-foot con-
centrator. This is desirable since the equipment and effort required
for test of a 9-1/2-foot concentrator is nuch greater in scope. Tech-
niques of measurement, equipment design, cother factors, can be ironed
out on the 5-foot program.

The 9-1/2-foot concentrator was selected as a typical
size for larper power solar-thermicnic modules in space.

Program Tasks and Goals

This program would be similar or identical to those
in Program 3.

11.1.5 Program 5: Development of 9-1/2-Foot 50 to 60° Rim
Angle Master

The optimum rim angle for a large mirror is 50 to
60°. It is recommended that a high quality master with a 55° rim
angle and 9-1/2-foot diameter be fabricated immediately in order to
be able to begin fabrication of large concentrators for the dynamic
test program.

In addition, the techniques for making the larger
master should be refined to the point where the master can be made

with variable rim angles and sizes on a low cost production basis.

Program Tasks

1. Fabricate a high quality 9-1/2-foct master.

N

Establish production techniques which are relatively in-
sensitive to the point where low cost production masters

can be made with variable rim angles and diameters ac-

cording to need.
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Program Goals

1. Surface accuracies of less than t one minute.

2. Surface finish which allows concentrator surfaces to be

made with 85 to 95 percent reflectivity.

11.1.6 Program 6: An Investigation and Environmental Test
of Al, Be and other Minors

To date, electroformed concentrators have shown most
promise in terms of high surface accuracy for minimum weight. How-
ever, stretch-formed aluminum concentrators are available which ap-
proach the optical performance of electroformed concentrators and
exhibit weights on the same order of magnitude.

It is recommended that further investigation into
stretch-formed concentrators be initiated to further develop these
techniques in competition with the electroformed mirrors. The
stretchforming would concentrate on the use of lightweight materials
and would employ various support techniques which would, if possible,
avoid the use of epoxies or plastic materials. An additional goal
would be the use of low permeance matcrial which would avoid magnetic
field interaction problems.

Program Tasks

1. Establish the facility and techniques for stretchforming
thin skins with minimum distorticn employing beryllium,
beryllium-~aluminum, and other suitable materials.

2. Develop surface coatings which result in a smooth surface
without the employment of plastics.

3. Develop skin attachment techniques which eliminate the use

of plastic materials.

Develop techiniques for torus and for support attachments.

~

Program Goals

1. Establish the limits and weight which can be achieved in
stretchformed concentrators in the 5 to 10-foot size with

a goal of 3 1bs/KW from the concentrator.
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2. Establish coating techniques for the front surface which
result in reflectivities of 85 to 95 percent with suitable

coatings.

3. Eliminate all plastics [rom stretchformed concentrators.

11.1.7 Program 7: Rear Surface Coatings for Concentratocrs

Preliminary analysis indicates the rear surface of
the concentrator should be highly emissive in order to maintain low
cencentrator temperatures. Low temperatures would imply minimum
distorticn and minimum heat transfer to an adjacent vehicle. lHow-
ever, the techniques for placement of hiph emissivity coatings on
concentrators are not yet well established. Paints of various types
arc nct desirable due to weight and the changes in paint character-
istics which will be encountered over a period of time in space.

If the variation in paint characteristics over the concentrator sur-
face is great, distortion might be introduced into the concentrator
surface. For electroformed structures, dark coatings can be anodized
onto the rear surface in fairly simple fashion. However, proper
techniques and tooling are necessary for large concentrator structures.

Program Tasks

1. Establish on small samples the feasibility of anodizing the

rear of electroformed skins to darken the surface and

create high emissivity coatings.

o

Determine the stability of the anodized ccatings in a space
environment.

3. Perform analysis to determine the best type of coating for
the concentrator rear surface under a variety of conditions
which include planetary and albedo infrared radiation, the
interaction of the rear surface with the vehicle structure,
distortion characteristics of the concentrator and other

factors.
4. From analysis, establish the need for any type of spectrally

selected coating.
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Program Goals

Determine the need for special coatings on the concentrator
rear surface.
Establish simple techniques without the use of paints or

plastics to create the needed ccatings.

11.1.8 Program 8: Investigation of Techniques for Stif-

fening Thin Mirror Skin

At present, the manufacture and handling of concen-

trators with very thin skins is limited by:

a)

b)

The difficulty of testing the concentrator in a one

Difficulty in manufacture of very thin skins during removal

of the skins from the master and/or other handling

vironment due to sag of the mirrcr skin

In addition, no definitive tradeoffs have yet been

made with regard to thinness of the mirror skin vs the weight of

stiffening structure required. The major problem in using stiffened

skins is the show-through which results from differential thermal

expansion effects, shrinkage of epoxy bonds, etc. The program is

primarily of an experimental nature, concentrating on minimizing the

effects of show-through with various kinds of stiffening structures.

1.

™o

4326-Final

Program Tasks

Summarization of the various stiffening approaches which
are applicable.

Analysis of stiffening approaches and derivation of optimum
combined weight, weight vs surface accuracy, and other
tradeoffs.

Preparation of a number of samples which demonstrate the
stiffening of thin skins and the effect on surface ac-
curacy.

Assembly of a complete 5-foot concentrator using stiffened

skin techniques.

Test of the concentrator.

11-13
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Program Goals

1. Selection of a stiffening technique which allows high mir-
ror efficiency and yet will support a very thin skin in a

one ''g" environment

Establishment of techniques necessary for manufacture

1SS

11.1.9 Program 9: Investigation of Torus Attachment Tech-

niques

One area of concentrator fabrication which has not

received a great deal of attention is the attachment of the torus
to the concentrator skin. Recent acoustic tests resulted in failure

of a metal attachment due to overstressed conditions and emphasized
the importance of this area.

The attachment material and design can have a sig-
nificant effect on mirror efficiency, susceptibility to acoustic and
vibration environment, and concentrator weight.

- Of most concern is the demonstration of attachment
techniques that will minimize show-through on the skin and yet main-
tain a reliable skin support throughout thie acoustic and vibration

environment expected. Also, thermal shock and cycling effects are

of importance.

Program Tasks

1. Summarization of attachment techniques

2 Preparation of samples using two ft diameter concentrators

for demonstration of selected techniques

Test of samples in a thermal cycle and acoustic environment
4. Based on sample tests, preparation of five ft concentratcr

with selected attachment

5. Complete environmental test of concentrator

Program Goals

1. Establishment of base line design for attachment technique

which is known to withstand thermal cycle, vibration and

acoustic environment.
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11.2

support mechanism must be accomplished in the near future.

Establish bent of manufacturing techniques for forming the

attachment.

Generator Support

11.2.1 Program 10: Design and Development of Unfolding

Generator Support for 5-Foot System

The development of a prototype unfolding generator

The three

basic steps would be the selection of configuration, the performance

of a detailed design, and the assembly and test of a prototype unit.

The generator support mechanism performs the fol-

lowing functions:

a)
b)

c)
d)

e)

Support the generator during launch

Places the generator in the optimum position for reception
of solar energy within closed tolerances

Provides an electrical path for current from the generator
Provides support for instrumentation leads leading from
the generator

Operates reliably for the life of the system

Program Tasks

Select and design the generator support configuration on
the basis of

a) Arm kinetics

b) Vibration and shock

¢) Magnetic requirements

d) Optimization of dimensions and materials

e) Ability to integrate into practical vehicle

configuration

Perform engineering design and prototype assembly of
deployment mechanisms and support end design
Assemble an experimental facility with which the generator

support arms can be measured for thermal characteristics

during operation
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4. Assemble a facility and perform vilration analysis of the
cenerator support striucture in the rvolded and unfolded
position.

Program Guals

1. Provide a reliabhle uppert tYor yenerator which {ullills
support fwﬁctiu O

2. Insure reliability and accuracy of unfolding meclhanisms
and location of generator

5. Establish test techniques which are suitable fer further
senerator support developaent

. Assemble a generator suppcrt mechanism which exhibits

a) Minimum temperatures seen by the electronics

It

at the end of the enerator support

b) Minimuwa welpht
c) Minimum thermal discertieon, colectvrical droep,
and cencentrater obscuration

11.2.2 Program 1l: Design and Development of a Rigid
Generatoer Support tcor S5-Feolb Syeopen

A rigid pencrator support system is ancther vari-
ation of the type of structures which miyght be applicable to space
appli.acions. The design and fabrication of a rivid support stric-
tiure would confirm many of the desinn techniques applicable to
friture cenerator support desizn and is a relatively simpler task
than the anfolding syvoten.

Program Tasks

1. Detail design of 3-armed support genceralZor

2. Assembly o. the prototype system

3. Formation ¢f a test plan

4. Vibration, acoustic, and theraal test program

Analysis of the test data

(s

Procram Goals

1. Minimization of temperatures scen by tihe electrenics at
p

the end of tic gencrator support

4326-Final 11-1%
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. Minimirzation of weight
. High reliability

Minimization of thermal distortion, clectrical drops, and

0~ W

obscuration of (oncentrator

11.2.3 Program 12: Optimirzation of Generator Support Desi:mn

The optimization of gencerator support design nmust
take into consideration:
a) Obscuration of the concentrator
b) Electrical dreps and leads
c) Minimization of thermal ceonductivity or heat at the sup-
port ends
d) Weight
The optimization of the generator support depends
intimately on the remainder of the solar-thermionic system. For
exanple, minimum cross section area of the arms would result in
lowver obscuration numbers and higher clectrical losses. The entire
optimization process is quite tedious, and can involve many manhours
It is recommended that a computer program be es-
tablished which can quickly analyze the optimum gencrator support
cross secticen, materia’, lencth, etc. This computer pregram could
become part of a larger overall system analysis recommended in
Program 27.

Program Tasks

1. Summarization of applicable data for analysis including
minimum cross secticns able to withstand vibration, mate-
rial characteristics, etc.

2 Programming of computer with suitable cquations.

3. Performance of sample analysis and checkout of progran.

Program Goals

1. TDLstablish the optimum matcrial for the generator support

8]

Establish limits on cross sectional area

Perform systems analysis which establishes the effects of
y )

(OS]
.

generator support design on the overall system design.
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11.2 Generator

11.3.1 Pregram 14: High Power Density Diode Advanced lleat
Transfer Progran

To reach high power densitics with a diode f rea-
sonable weight, efficient means of cocling the collector must be

derived. It is recommended that beiling heat transfer be investi-

gated.
The heat pipe, or more properly the 'vapatron' prin-

ciple, which was developed approximately 20 years ago to accomplish
heat transfer in the anodes of high power transmitting tubes, may be

the prime answer to heat trans{er problems in two areas in thermicnic

converters and thermionic converter venerators. These two arcas are:

(1) in the emitter heat transfer path of the converters in a multi-
converter generator, such as would be necessary in a 1 kilowatt therm-

ionic generator design, and (2) in the converter collector-radiator

heat transfer path.
Presently envisioned configurations for high power

thermionic converter generators invelving large numbers of converters
(15 to 20) are limited in geomctrical desiyn by the spacing required
to fit the converters around the cavity and by solar {lux distributicns

in the cavity. Radiator design prcblems also become increasingly

difficult where large numbers of converters are integrated intc a

2

Radiator weight reduction by a factor of 2 tc¢ 3

single gencrator.

could be accomplished in the converter radiator system by the use o:

the vapatron principle. 1In addition, the collector heat transfer

path could be severely modified to make use of meore compact and reli-

able designs using the retaining ring technique.

Systems which merit investiyation are the s

ystoms
composed of lithium, cesium, turrubidium, sodium, and possibly N.X

with tantalum, tungsten, and molybdenum. The latter heat transicr

systems would be very useful in the lower tempcrature regions of

the converter, such as the collector and radiator heat transfer
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paths. TOS has performed experiments with lithium for cooling arc
jet electrodes by the vapatren principle.

Program Tasks

1. Analyze various boiling and condensing svstems for the
emitter, collector and radiatcer temperature range of
interest to thermionic converters.

2. Perform simple experiments to cvaluate the effective
boiling-condensing heat transf{er coefficient.

3. Design, fabricate, and test a simple collector-radiator
heat transfer model for simulated zero gravity operation.

4. Integrate the heat transfer system into several prototype
converters te maintain a minimum collector-radiator At
while operating with heavy heat loads, thereby achieving
mininum fc and hivh e:ficiency.

Program Guals

1. Demonstrate the ability to maintain collector surface tem-
peratures of 600 to 700°C under clectrical loads of high
power density and thermal loads on the order of 250w/cm2.

2. Arrive at a practical diode confignraﬁion using liquid
metal heat transfer on the collector.

11.3.2 Program 15: High Power Density Diode Material
Development Program

The realization of maximum thermionic cenverter per-
formance and reliability can be achieved only by the development oi
a high barce work functicn (5 eclectron volts and higher) emitter mate-
rial of a uniform and reproducible nature. Such a material would
also produce a dramatic increase in performance at cmitter tenper-
aturcs lower than the usual high temperature (ZOOOCK) solar therm-
ionic converter. This one result would do much to decrease the nim-
ber of stringent requirements placed on any solar concentrator sys-
ter, as well as open the way to the utilization of other forms of

heat sources, such as isotope heat sources. The achievement of such
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a high work function material in a torm adequate for fabricaticon of
thermionic converters at minimum coct would go a long way toward incre
increasing the perf{ormance and reliability of present-day converters.

There appear to be four good approaches to the achiieve-
ment of these high bare work ifunction materials: (1) the utilization
of sinle crystal tungsten or tantalum bar stock with a work function
of approximately 4.9 to 5.3 clectren voles is utilized, (2) the use
of evaporated or sputtered polvervstalline coatinas, (?) the use of
high packing density alloys, and (.) the contrelled grewth of single
crystal sheet suitable for electrode surfacing.

The integration of single crystal materials into
high performance converters will require significant detailed in-
vestigations of the etching, the preparation, the slicing and the
brazins of these materials to the ecmitter and collector in an eco-
nomicallv f{easible fashion. In adliticn a detailed investigation
of the Langmuir-Taylor ''S" curves for various cesiated single crys-
tal surfaces should also be undertaken. These particular curves
only have meaning in the context that rhe surface is known by both
X-ray diffraction and by electron ¢miscicn microscope emissicn
patterns. Without the comparative infermation rrom both of these
analytical methods, cne is never surc that the ¢nrface of the mate-
rial being measured is of a truc single «rvsral form. S-ray dif-
fraction data is by nature bulk material data and dees nct yicld
information pertaining to the suriace. [his particular investi-
vation should be delayed for approximately a year.

The use of evaperated and/cr sputtered coatings
requires studies of the diffusicn of substrate materials through
the coatings as a function of time and tempcraturc as well as how
the worl tunction of the surface is altered by diffusion. Also
the actual process of depositicn whether by cvaporation cr sputtering
should be investigated, also optimum coating thickness determincd

from the view point of diffusion.
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The utilization of alleys as electrode materials
demands knewledge of the effects of time and temperature on woerk
function and composition of alloys. In addition, the determinaticn
of the highest packing density alloy should produce the highest
bare work function material. Much of the materials technology re-
quired for the alloy investigation is at hand.

The controlled growth of single crystal sheet of
preferred orientation has already been proven in materials such as
iron, whoerein single crystal iron sheets on the order of 1 to 2
inches in width by 8 to 10 inches long and 80 mils thick have been
grown for utilization in high perfeorman-e transformer cores. The
application of the same principles te materials suchi as tungsten,
tantalum, and rhenium chould be investigated for application to
cesium vapor thermicnic converters. Duc to the cost of equipment
and the time required for this investigation, it is felt that this
approach should be delayed for some future program on advanced therm-
ionic converters.

Prosram Tasks

1. Investigate substrate diffusion through evaporated and/or
sputtered coatings using the electron emission microscope,
determining optimum coating thickness and life based on

diffusion data.

i

Investigate work function and surface changes in alloys
with respect to time at temperature by means of the elec-
tron emission microescope.

3. Investigate processing variables such as time and substrate
temperature tor evaporation and sputtering, the effects of
brazing on the surface of materials, and its effect on per-
“ormance.

Integrate the best materials as determined by this prosram

I~

into a test converter structure and evaluate by obtaining

Langmuir-Tavlor "S'" curves.
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Program Goals

1. Demonstration of high bare work ({unction surfaces which
are stable in a converter cnvironment

2 Integration of the material intc a practical diode struc-

ture.

11.3.3 Program 15: Thermionic Converter and Generator Life

Testing Program

In order to give thermionic converter systems de-
signers and systems users in NASA and other jovernment agencies con-
fidence in the performance of the converters, and to assure them
that the converters are of an actual hardware type which could be
built in quantity and applied reliably éo a system of their choice,
a significant number of converters should be operated under con-
trolled conditions for life-times exceeding 5000 hours. The con-
ditions of this life test should be full power under gencrator con-
ditions, otherwise temperatures in the cenvercer, such as the secal
temperature, radiater temperature, etc., will not reach thelr true
application value. Off-maximum operaticn ol the converters on the
life tests will result in substantially lower critical element tem-
peratures, a situation which would invalidate the tests for system
design purposes.

The value of having meanin;ful life data on high
power converters operating for periods of time in excess of 10,000

hours can not be overstressed. Since these long term tests take

between one and two years to complete, it is apparent that unless
such tests begin almost immediately, long term failure modes, such
as ceramic braze problems, material diffusicn, ctc., will not be
picked up and corrected until a time approaching the late 1960's.
The lack of engineering design life test data of this type will

jeopardize the application of thermionic converters in space, re-

gardless of achieved converter electrical performance.
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The most critical thermionic system design para-
meters to be specified by NASA and otlier uscers are the system life,
the percent confidence in this life, and the allowable performance
degradation with life. Consider the consequences of alternatively
establishing specificaticns requiring device confidence levels of
90 percent, 95 percent, and 99 percent ror 5000 hour operation with
a maximum of 10 percent degradation. Examinaticn of Table 11-111
shows that, assuming no Tailures during the life test, 11,500,
15,000, and 23,000 part-hours of test respectively will be required.
The situation for 2 failures assuned durin,; the tests is that:
26,600, 31,700, and 42,000 part-hours of test would bhe required
respectively to reach the specified confidence figures. Tt is ob-
vious that even a small number of failures can drastically increase
the required part-hours of test to reach a siven confidence figure.

Thacere are two approaches to achiceving a given num-
ber or part-hours of .converter test: (1) test a large number of
converters for a mecderate period of time (100 converters for 500
hours), and (2) test a smaller sample for a longer pericd (10 con-
verters for 5000 hours). The secoend approach is being proposed at
this time for two reasons: (1) the test stations are too expensive
to consider in large quantities, and (2) it is essential that actual
rather than projected 5000-hour life characteristics be obtained.
The importance of quality in the initial ctages of converter fabri-
cativn, the care in rejection of marginal converters at the leak
detection stage, and the care in rejection of converters {or mar-
ginal electrical per:crmance during acceptance testing can not be
over stressed. Any marpinal converters which reach the 1life tost
stage and fail during life test .an drastically modify the confi-
dence figures obtained from the life test.

It is reccmmended to life test ten (10) high per-
formance thermionic converters ‘or a minimum period of 2000 hours

each or until failure, whichever .« ws “ir t. Some of the converters
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TABLE 11-IIT
MIBF* RELIABILIZY CHART

Required Part-Hours of Test +
Coniidence

0 Failure 1 Failure 2 Failures
2 i S /
90 Porcont 2000 hours 4,600 7,800 10,640
5000 hours 11,500 19,500 26,0600
- 2000 hours 6,000 9,500 12,600
95 Percent
5000 hours 15,000 23,750 31,700
1 S 3 /(‘
99 Percent 2000 hours 9,200 13,400 16,800
5000 hours 23,000 33,500 42,000

*Mecan time before failure

+Based on 10 diodes being tested simultaneously
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should be left on test as long as pessible. Also, it is recom-
mended to life test to a minimum of 500 hours a fcur-converter
generateor containing high performance converters.

The desiygn philosophy to be used on the life test
staticus should stress: high vacuum, lenyg life components, and
ruppiedness so that a minimum of "down-time" and subsequent test
interruption will be experienced. Emphasis will be placed on the
careful selection of converters to be placed on life test.

Program Tasks

he major tasks of the testing program will be te:

1. Achieve a minimum of 20,000 part-hours of converter life
test, to be accomplished nominally on 10 high performance
cenverters each tested 2000 hours.

2. Achieve a minimum of 500 hours laboratory test, utilizing
electron beam heating, on a four-converter generator con-
taining high performance converters.

3. Demonstrate a device MIBF (iwean time before failure) of
5000 hours with a given confidence level such as 95 per-
cent. Relerring to Table 11-III, this is equivalent to
saying that 95 percent of the devices will be able to
operate continuously for a period of time just under 7
months without failure or performance degradation that
would render the device useless in its intended appli-
cation. It will, of course, be necessary to carefully
define that point of minimum acceptable reliability,
i.e., end-of-life point, so that there will be a defin-
itive goal and hence, a realistic yardstick for meas-
urement.,

Design and asseumble ion-pumped life-test stations and

o~

associated measuring apparatus to be used on the life-

test program.
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Program Goals

1. DBstallish adeguate lTife cestine tehniques

Lo Acquire indclas cvuverzor and enerat rore!iabilics data
The cost o of perdormine a laree onmber o3 1o Lests

on individual diodes can boe simiricantly reduced with e introduccion
ol auvomatic checkout and meniccoring equipment. With mcederate data
menitoring techniques it is possihle t¢ continucusly meonitor a large
number of varia®les in nany different selected uedes,.and as rapidly
as necessary. It is also possible to store data tfor future printout
and to provide a visual display cf infermation.

Described belew is a typical set of equipment which
is recommended as being part of the life test procram. This cquipnment
will be compatible with a large variety of lite test stations and a
wide variety orf inpiuts.,

Flrure 11-2 {lluscrates in blecl: diagram {ora the
automatic checkout and menit ring cquipnent which v recommended by
EOS as a basic anit applicable to the life test scations.

The cquipment is in five main sections:

1. TInpubt provisions

2. ILead s (dvnanic and static)

T -~ ~ v a4 Py
3. Safetv svsten

. Data sterase

(31

Printoat and display

Theo Inpnt will consist of a patch board with several
varietics of inpul jacks suitable for monico ring up te 300 inpits.
Tue inputs can be healor curronts, aeater veltasces, electrode and

reservolr temperat wres, cuctput velcises, and output current.. The

input can range from ailliveleos to 10 velts.

She pacvaneters of the ceonverters to be monitored will

be fed directly te the data system which utilizes the volleoving me jor
cquipnment :

I. A cross-bar scanner with a projramin: capability o enable

all 300 inputs, or varicus combinaticns of these inputs, to

be scanned and subsequently printed out.
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ary oiven

rare ol printeat cang i from cecends (o Lenrsy aloe, princ-

cut can be arranced o complece a scan in seconds with dwell-
1 1

times ran;ing op Lo twours. The digital clock also provides

O

s-1

a means ©o oestablich the time data was acquired.
3. A sclectcr switon with any civen input can be visually dis-
played on a scrip chart recevder, oscillescope, cte.
4. Preamps and analeg ce digical converters for ceonvercing the
inp o inco the printout formaz,
5. A dirdical printer s ucilized for providing a permanent
recerd of the teot.

e lead systen will contaln active cransistor con-
trolled loads vhich can maintain diode output at anv preselected valuce
of carvent or voltaee. n addition, a dynamic load box will be pro-
vided along with an 2-Y recovder wizh wvhich inctantanec: sweep data
can be «htained fer any dicde. In addition, the load Hew will be
desicned te ernable a peint by point Lrace ¢f steadv-state data o be

ohoained by astematically adjustin: ohoe load o preses levels and
R - I I

maintaining “ul. level -mtil stabilizacicn is achicved at ch time
cthe data will be recorded.

Jre osvsten will o dnclede data sceorage such that data
can be accunutlaced and cead cut in v desived cime.  For emample, the
storage syston to bhe prograamed to stove a complete set of data once

be commanded at some future date to print

evepry hounr.  Io occeuld
‘- o~ . - - - - ~ - . - - PR i 1
out Cne current cuatptt from a selected diode for any entire weels

pericd.

T inclasion « § o storage princout systen creates

frenely vercatile antomatic-lite cest scation which will save
cons iderable tine in reducticon of data. Cost: include a paper cvpe
storace uanit which bhas been selected because oy its anlimited capacity
to store data acherad over a relatively long period ol thae. A tape
. 1

codoont

recorder fs oalso included so that the informacion can be prin

upon command.

£
al



11.3.4 Proyram 10: Acquisition ¢f Diode Applicaticn Data

At the present time, data accumulated in laboratory
tests concerns the performance of a thermionic converter at constant
emitter lLemperatures with variations of power into the converter and
optimizad cesium reservoir and radiator temperatures.

This condition does not exist in operational systems.
Instead, the generator will most likely experience a constant power
input. The emitter, reservoir, radiator and collector temperatures
will vary depending on the load which the converter cxperiences. Tt
is imperative that application data be acquired on diodes which can
give the system designer ground rules for matching the converter per-
formance with electrical load and solar power input and can establish

reliability limits.

Proyram Tasks

1. Establish a test program which will establish the variations
in converter temperature as a function of load variation

with constant power input.

o

Perform a serices of cyclical tests to determine the ecffects
of these temperature variations on the life and degradation
of the converter.

3. Establish criteria for converter design.

Program Goals

1. Establishment of a handbook of design data.
2. Provide practical guidelines of the system designer.

1

11.3.5 Program 17: Prototype Convertecr and Generator
danufacturing and Development Program

The tasks described here are primarily concerned
with the improvement of techniques currently cmployed on prototype
"Production" diodes to reduce cost, increase reliability, and elim-

inate potential lony life problems.
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Statement of Problen

There are generally many features of an developmental
(or prototype) device design which can be improved when application of
the device reaches the production phase. When sophisticated devices,
such as the thermionic converter, are fabricated in small quantitiecs
(less than 50 to 100) and with numerous design changes, low-cost and
"foolproof" manufacturing techniques are not used due to their cost
on a per unit basis in "one of a kind" or small sample programs. For
example, with regard to prototype converter fabrication, automatic
milling and machining techniques are not, at present, applied to fab-
ricating the molybdenum radiator-collector subassembly due to the high
machine setup charge in relationship to the small number of units de-
sired for a particular design modificatien. The paradox is, that in
general, it is only through the use of such automatic processes that
device reliability can be increased while simultaneously the per unit
cost i1s being reduced.

In the initial stages of hardware programs, such as
the thermionic converter prototype fabrication program now exemplifies,
a fine balance must be achieved between the cost of a process and its
general utility for increasing the reliability of the device. If con-
verters were to be fabricated in lots of several hundred to a thousand,
the initial setup cests of a process would no longer be a major factor.

Many of the fabrication procedures, such as cesium
loading, which are used in present-day converters are not optimum from
a cost, reliability, or manufacturing standpoint. These procedures,
at present, are a trade-=oft between the cost te develop new processes
and the cost to continne using old processes,  In many cases, the
processes used simply represcat a direcet carry-over from the research
and developnent phases

In the past, most thermionic converter developnent

provrans have strossed perforance on a one-of—a=hind basis and selden
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have recognized or stressed a trade-off between reliability and per-
Y P

formance,

I~

generator

W h as is necessary on all hardware programs.

Procram Tacsks

Eliminate known weax points in the prototype converter de-
sign as it now exists and prepare the design for manufac-
turing.

Evaluate those converter processes and subassemblies which
realistically nav be problem areas for long-term life.
Eliminate weaknesses in the converter processing and design
which become apparent from the results of the life-test pro-
gram and are not now known or anticipated.

Introduce new manufacturing processes into the converter
(and generator) fabrication which will increase device reli-
ability and reduce cost.

Utilize a manufacturing approach throughout this phase of

the program.

Program Goals

The major goals of this program are to:
LEstablish the institute those design changes in the converter
prototype necessary to achieve the converter life and relia-
bility required‘for first generation system application
(95 percent confidence, 5000 hour) .
Establish those manufacturing procedures which can lead to
a cost reducticn in the converters.
Improve the manufacturing design of the thermionic generator.
Investigate the applicability of advanced assembly techniques

to converter and generator fabrication.

11.3.6 Progrun 1&:  Desiyn Study ¢f lkw Thermionic CGenerator

tThe practical roatization of a 1 kilowatt thermionic

in oonocactice woth oo o1, 2-toer marrer (rouchly) must await
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the development of better methods for tronsrerrin: Leal Tro the ab-
sorber cavity to the eritters, and better mechanical designs ot the
general generator heat transfer and heat rejection paths. Since it
appears possible to develop a hizh tenmperature hoiling and condensing
heat transfer system, it is worthwhile to start on an analytical and
mechanical design for a 1 kilowatt and larger generator utilizing these
principles. Such a generator would have a wide latitude of design
possibilities in comparison with the present generator concepts wherein
the heat transfer occurs primarily by direct radiation te the indi-
vidual converter emitters. The present generator designs, in general,
do not allow for non-uniforrities in the wmirror nor changes in the
mirror due to meteoroid impact, Utilizing the heat pipe principle,

one can cnvision generator desiygns which are essentially insensitive
to changes in the solar image within the generator cavity. The ad-
vancement of a carefully thouzht out 1 kilowatt generator design based
on sound engineering foundations would vo a long way toward developing
the confidence of the ultimate system user in the general merit of the
thermionic generator for space application. This is particularly true
for the power ranges at several kilowatts, since ne proven space gen-—
erator now existe for this range. This particular proygram would ide-
ally consist of a siaple desivn analysis of the heat transfer paths,
shielding proilens, and mechanical layout, with some supporting exper-
iments involving cavity heat transfer in order to arrive at a generator
and generator mockup which would essentially prove the principles in-

volved in design., Converters would not necessarily have to be used in

this mock-up proof of the design principles.

Program Goals

1. Perferm a design analysis of a 1 KW thermionic generator
utilizing a high temperature boiling and condensing liquid

metal heat transfer syvstern,
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e Prepare o detailed heat transfer analvsis and temperature

distribution for several typical gencrator configurations
after developing a general analytical model.

3. Prepare assembly drawings for a 1KW senerator showing all
constructional features and nechanical and electrical layout.

A mechanical wmockup will be prepared to check asserbly details.

11.3.7 Proyram 1Y:  Cavity Design and Development

A serious source of system loss is the reflection and
reradiation losses from the cavity., Another serious problem is the
equalization of temperatures throughout the cavity for best matching
of the converters at high efficiency.

To date, cavity test and analysis programs are inade-
quate to accurately predict cavity performance. It is known that the
cubicle cavities used to date have not r- sulted in uniform temperature
distribution,

The cavity design strongly interacts with the concen-—
trator rim angle, surface accuracy, and reflectivity. Cavity entrance
diameter is a parameter highly dependent on concentrator characteristics
and cavity characteristics.

It is recommended that a test and analysis program be
established to investigate in detail the design of the cavity for the
generator., The test program would include the test of sample cavities
with simulated converters. The analysis program would include the ef~
fects of:

1. Cavity shape
2. Entrance diameter
3. Interior emissivity
4. Internal surface area
A test cavity would be designed and assembled to sim-

ulate to a reasonable extent the expected temperature distribution in

a real cavity. The test cavity would have the following features:

11-233
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L. The ability to simulate in a ccaled manner the heat trans-
fer from the cavity which would ocecur in a generator design

2. The ability to be tested with a 5 ft mirror used on a 60
mw/cm2 day in Pasadena

3. The ability to change cavity shape and emissivity character—
istics

4. Ability to open cavity entrance diameter when desired

5. Ability to open rear of cavity when desired

6. Ability to integrate actuators and flux control mechandisms

Program Tasks

1. Design and assembly of test cavity
2. Design of test facility
3. Asscmbly of test facility
“. Establishment of analytical background for cavity analysis
5. Programming of computer for cavity analysis
6. Through analysis and test, establishment of ground rules
for cavity design which depend on power level, converter,
etc,
Program Goals
1. Design of cavity for different power levels which will equal-

ize temperature distritution and mirimize losses

11.3.8 Progran 20 Investication of Effoct ot Lower
Lomperatures on Converter Life and Performance

This program would be conducted in conjunction with
Programs Nos. 15 and 16 in order to acquire further data on the per-
formance, efficiency, life and reliability of converters which are
operated at lower temperatures than 1700°C.

At the present time, not cnough information exists
regarding the tradeoff between lower temperatures, performance and

life. Long term life tests are required to establish further data

3

o~
to
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points on the rate of converter deterioration, life vs. power den-
sity, the effect of load variations on the opcerating temperaturces
throughout the converter, and other parameters.

The program tasks would be similar to those sum-
marized in Programs 15 and 16. Lifc and diode application data
would be acquired.

The program goals would be to derive sufficient
information for definitive analytical tradecffs between cavity tem-

perature, pewer output from the system, and converter life.
11.4 Converters

11.4.1 Program 21: Power Distribution and Centrol Bread-
board Assembl]y and Tost

To date, information re.arding the operation of
systems celectronics and the resultant effect on generator and diode
performance is iimit.c. To EOS wnowledye, no experiments have as
yvet been periorn d te detormine the interaction of the generator
source and a complete power system.

The operation of electronics is fairly well under-
stood. lHowever, the optimization of the cintrol of the generator
output, and the resultant maxinmizing of the efficiency and lbsy
kilowatt figure for the system will not be well understood until
definitive experiments are performed. It is recommended that an
experimental prototype system be assembled and tested.

The program would consist of the assembly and test
of the breadboard for a power distribution and control system appli-
cable to a 5-foot solar-thermicnic system. The test would usc simu-
lated generator and battery power sources.

The design, assembly and usc of the generator simu-
lator is a major item in the program. To dat., tests of solar-

thermionic systems electronics depend upon the vperation of actual
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thermionic dicdes or gunerators. For extensive Lests on systems
electronics, the need for operating laboratory generators is a
handicap which can be overcome by the use of a simulated power
supply. This simulator will be designed to simulate the steady-
state characteristics of generators with a variety of voltage and
current outputs.

The program will result in definitive information
concerning the difficulties and problem areas in control and dis-
tribution of power f{rom the solar-thermionic generator (or gen-
erators), and an indication of the maximum efficiency that can be
achicved frem such a system.

A block diagram of the proposed power distribution
and control system is itlustrated in Fie. 11-3. This schematic
results from studies accomplished during this program.

Three generator simulators would be assembled,
capable of G to 200 watts output. 7The simulators can be placed
in series (as shown) or used individually. Part of the test pro-
gram will involve different series and parallel arrangements to
determine operational problems.

The output from the gencrater simulator is fed to
an unregrulated de to dc converter. In Fig. 11-3 the converters
arc shown in an arrangement such that if a single generator or
dc/de converter should fail, two-thirds of the power output can
still be obtained from the system.

The shunt load control is used to provide a re-
sultant constant current load to a thermionic gencrator, regardless
of the system load. The control for the shunt load device is ob-
tained by measuring the battery charger current and load current
and subtracting the sum of the two from the desired constant value

sclected for the thermionic gencrater operating current.
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The battery charger will essentially consist of a
standard dc/dc pulse-width modulated device with an averaging out-
put filter. The charger will be controlled by various inputs de-
pending on the operating mode, power available, and the battery
condition. The charger will be used as part of the "parasitic'" load
to provide a constant load current to the thermionic generator.,
Therefore, the charger must have one control input that limits its
input current to a value which will not overload the thermionic
¢enerator. Battery charging will be constant current, but modificd
by terminal voltage an. battery temperature. Therefore, the charger
will proevide a constant charge current until tho teruinal voltage
reaches 1 preset value at which time the charge current will be re-
duced te a low trickle charge value. The prescet voltage will be
temperature dependent and controlled by a measurement of battery
temperature.

The battery will be simulated by a dc poewer supply.
During test, characteristics of a silver-zinc, silver-cadmium, and
nickel-cadmium batteries will be simulated.

Since the battery cannot be connected to the un-
regulated de bus by cenventional techniques such as are used on
Ranger and Mariner vehicles, a de/de converter must be connected
between the battery and the bus to provide the proper power summa-
tion. 1In order to provide the proper control, a pulsc-width mod-
ulated de/de converter must be used to obtain tlhis control input
from a measurcement of current. The battery current is used only
when pewer is required from the battery. This will only occur when
the load current exceeds the preset output current capability of
the thermionic gencrator. When this occurs, the battery charger
and shunt load are made inoperative and the battery converter ac-
tivated. The output control for the battery current is obtained
by taking a difference between the load current and the thermionic

senerator preset.,
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The nccessary de voltage regulation will be provided
by a voltage regulator. For reasons of increased efficiency and re-
duced weight and reduced complexity, a switch-mode-down converter;
regulator is recommended.

The seclection of the number of low voltage dc/dc
converters which accept the output from the generator will depend on
a more detailed study of the reliability and weight tradeoffs. One of
the objectives of the preposed systems test is to provide applicatiouns
data regarding the problems of placing generators and dc/dc converters
in series-parallel combinations. If the failure of one or more gen-
erators is anticipated, the use of two or more dc/dc converters scems
reasonable. lcwever, an optimum number of dc/dc converters does exist
depending on the desired unregulated bus voltage and its effect on the
cfficiency of the system.

The generator simulator design would provide I-V
characteristics of the generator for power ranges of 0 to 200 watts
at voltage levels from 0.5 to 1.2 volts. The I-V curve would be
"steady-state', i.¢., will simulate the casc where a constant amount
of power is available to the generator. The slope and shape of the
I-V curve will be variable within limits determined by the detailed
design.

It should be noted that the proposed gencrator
simulator 1s the first of a series of simulators whicli should advance
in sophistication as more is lcarned about the system. The second
iteration would include a simulator which accounts for the transient
characteristics of the gencrator and/or could provide higher power
outputs.

The load, for purposes ¢f systems test, would be,
first, a passive series resistance and then an active circuit which
simulates constant power load lines. As indicated, for certain modes
of operation the lead would split between raw de and regulated output

to determine the effects on system performance.

4326-Final 11-39



Program Coals

Program goals are summarized as follows:

1. Attain a complete understanding of the functioning and
interaction of the generator and power distribution and
control systems.

2. Attain a breadboard cfficiency of 75 percent for a power
distribution and contrel system and obtain an understanding
of the losses in the system for various modes of operation.

3. With a backyground of experimental performance, design a
system for minimum weight.

4. Attain an understanding of the tradeoffs in redundant com-
ponents, weight, reliability, and other factors to increase
overall systems reliability.

11.4.2 Program 22: Investigation of High Temperature Low
Voltage de to de Converters

One of the major problems in the utilization of
thermionic generators in space involves a power conditioning device
which will convert the low voltage, high current converter output
to a level capable of being used on the spacecraft. The low voltage
de to dc converters, which to date have been investigated and applied
to low voltage conversion devices, consist primarily of configurations
of germanium semiconductors. Cermanium type semiconductors deteriorate
in performance verv rapidly at ambient temperatures greater than 50°¢.
It will be difficult to locate these power conversion devices far
enough from the hot thermionic converter gencerator so that their tem-
peratures could be maintained at a valuc¢ lower than 50°C. Although
these power conditioning devices work remarkably well under laboratcry
conditions, they are completely inadequate for any practical thermionic
space power system. ‘The problem must be tac.d soon, otherwise a
major link in the thermionic generator system will be missing, when
the time comes to apply such a system. A backup program relating to

the development of high temperature switching devices should be

4326-Final 11-40



undertaken immediately in order te achieve a de to de converter which
is capable of operating at temperatures on the order of suL'c to 700%C.
One such device is a cesium vapor thyratron which,
under the proper desipgn conditions, conceivabiy could operate with
zero forward volt drep at currents of 100 to 500 amperes. Such a
cesium vapor switch could be made an integral part of the cavity
absorber utilizing cavity thermal power. The power actually trans-
mitted to the spacecraft under these conditions would be high voltage,
low current power. This power is easy to transmit reasonably long
distances without heavy bus bars or weipht problems. This approach
may bear more immediate fruit than the high temperature semiconductor

approach, which has not been successful over the last ten years.

Program Coals

1. Perform a comparative analysis of silicon, germanium, and
other advanced semiconductor devices to determine the
tradeoffs between performance (cfficiency, lifetime, weight)
and cperating temperature for present and near future com-
ponents.

2. Perform a design analysis of a high temperature, low volt-
age d¢ to de cesium vapor thyratron operating with cavity
thermal power. Determine the relationship between efficiency,
voltage, weight, and operating temperatures.

3. Fabricate and test several experimental models of the cesium
vapor thyratron to demonstrate feasibility and evaluate

performunce characteristics.

11.5 Solar Flux Control

11.5.1 Program 23: Development of Solar Flux Control
Mechanisms

It is recommended that an investigation of a solar
flux control subsystem and its interaction with cavity temperature

distribution be initiated immediately.
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The basic components of the solar flux centrol proto-
type system are illustrated in Fig. 11-4 and consist of the:

1. Test concentrator (mounted in a tracker)

2. Flux control mechanisms

3. Test cavity with instrumentation

4. Actuator mechanisms

5. Heat sink for the cavity

6. Flux control electronics

The flux control mechanisms and actuators can take a

varicety of forms. Three mechanisms are recommended for more detailed
investigation. Thev may include the ¢ia shell, irvis, flat, or ex-
panding cavity types. The actuaters wi prebably be bourdon tubes

as these actuators, through previous study, were found to be most
suitable for this application.

The flux control electronics will control the actu-
ating mechanisms by command or automatic feedback. The electronics
will be asscmbled in protetype form (sce program 24).

The test cavity would be assembled under program 19.

Program Tasks

1. Assembly of a flux control test facility including a test
cavity.

2. Desipgn and assembly of flux control mechanisms.

3. Design and assembly of flux control electrodes.

4. Tests using sclar racdiation of several solar flux control

prototypas.

Program Goals

1. Demonstration of the ability of a solar flux control to
regulate solar flux input to the cavity while maintaining
uniform temperatures within the cavity and with adequate
sensitivity.

2. Demonstration of the actuation mechanisms.

3. Demonstration of compatibility with the electronics.
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11.5.2 Program 24: Development of Solar Flux Control
Elcctronics

The object of this program would be the design and
assembly of a lightweight, low power clectronic unit which would con-
trol the solar flux control mechanisms by scnsing solar intensity,
ground commands, and/or other sensors. This program would run in
parallel with the assembly and test of the flux control mechanisms
and would result in a complete solar flux control system.

The electronic system includes the scnsor, signal
conditioning, power leads, and actuator devices for the mechanisms.

Actuator devices include bourdon tube and bimetallic elements.

Program Tasks

1. Design of electronics.
2. Assembly and test of prototype c¢lectronics with flux contrel

mechanism.

Program (Coals

1. Minimization of weight and watt-hour erequirement of a

practical solar flux control electronic system.

11.6 Cesium Reservoir Control System

11.6.1 Program 25: Development of Prototype Cesium Reservoir
Control System

At present, it appears that an active cesium reservoir
control system can be useful to minimize startup time for the generator,
to provide vernicr control for converter operation, and compensate for
changing solar flux input.

The circuits required for cesium reservoir control
are already known. 1t remains, however, to integrate these circuits
into actual cesium reservoir operation in a practical manner. Only
by attempting the prototype development program can the complete range

of problems be explored.
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Program Tasks

Perform detailed design of the active control system,
instrumentation requirements, and sensor requirements.
Integrate the temperature sensor into a practical converter
configuration.

Assemble the active cesium reserveir control.

Perform laboratory tests determining ceffectiveness of the

control,

Progrum Goals

Minimize weight and watt hour requirement of the cesium
reserveir control system.
Minimize startup time of the gencrator by quickly heating

the cesium reservoir.

Systems Analysis and Test

11.7.1 Program 26: Development of Test Plan and Test
Teehniques for Scolar-Thermionic Systems

This task concerns the establishment of a test plan

for a solar-thermicnic system which would qualify the system for

flight use.

At the present time, it is impossible to simulate

an exact space enviromment with an artificial source of adequate col-

limation to simulate the solar radiation environment .

Even if the entire systom is enclosed in a vacuum

chamber and pointod towards the sun through a window, the intensity

is not adequate to power the system at full level.

A complete systems test should include physical in-

tegration as well as electronic test. Tyvpical test steps would in-

clude:

R Y I S

Unfold. ng «f the suppert mechanisms.
Mechanic a1l integraticn of the vehicle.
Full power test of the power source.

Full power test of the clectronics.
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Program Tasks

1. Estal ish a test flew plan for a complete flight system.

2. Define the cquipment nceded for each step.

3. Summarize the techniques possible for simulating the sclar
power input to the generator and perform laboratory tests
that confirm the predicted result.

4. Establish the validity of solar tests for the generator
in a vacuum chamber.

5. Determine the time and cost requirements for cach step of

the test process.

Program Goals

1. Establish a plan for solar-thermionics systems test which
insurces reliable operation in space.
2. Minimiz. the cost and time required for solar-thermionic

systems Lest.

11.7.2 Propram 27: Development of System Optimization Program

At the presont time, a complete systoems analysis in-
volves considerable reiteraticn and optimization. It is entirely
feasible to set up a systems optimization program on a computer which,
using a varicety of assumptions, can result in an optimized system for
any given power level, solar intensity, concentrator characteristics,
generator c¢fficiencies, electronic characteristics, ctc.

It is recommended that such a program should be
established in the near future. The components of this program would
include subroutines for concentrator and cavity analysis, generator
support analysis, optimum loading for the generator, optimum voltage
output of dc converter and rel-ted items. The subroutines could be

combined to result in an optimim system.

Program Tasks
I. Derivaticn of the analytical expressions for the optimization

routine.
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Summarization of assumpticns in tabular form for input to
the comput. 1.

Test runs of the analysis program and checkout.

Program Goals

Establish a program by which (hanges in system design can
be quickly verified with regards to their effect on overall
effect on system performance.

Establishment of a program which can quickly determine

optimum systems in any given missicn environment.
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APPENDIX I
SPACE ENVIRONMENTAL EFFECTS ON REFLECTIVE SURFACES

1. SPACE ENVIRONMENT DEFINITION
Engineering assessment and evaluation of the behavior of materials
in space requires complete knowledge ol the space environment in the
regions to be encountered by these materials. A survey of the current
state of knowledge of space physics reveals many wide caps in the data
and many variations in models set forth to explain and correlate scat-
tered data collected in space explorations with terrestrial and astro-
nomical observations. It is, therefore, difficult to conclude with
precision the environments a particular earth satellite or planetary
probe will encounter during a planned mission. This section attempts
to summnarize the current knowledge of the space environment in order to
provide guidelines tfor analysis and engineering of solar-concentrators.
The material provided in this section is quantitative wherever possible,
bt in many instances where data are inconclusive, questionable, or
Lacking, the best estimates of recognized experts have been provided.
Environments to which materials in space will be exposed have

been classified into the following headings:

1. Atmospheric particles

2. Meteoroids

3. Electronagnetic radiations
4. CGeuvmagnetic fields

5. Charyed particles

In the present study program we are primarily concerned with

effects of the environment on solar-concentrator reflective surfaces.
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Since retlection is primarily a surface characteristic we are particu-
larly sensitive to aspects of the enviromaent that mizht not ordinarily
pose much of a hazard to materials or structures in which mechanical
strength, chemical or electrical characteristics alone are the prime
considerations. An example is the damaging effect to surfaces result-
ing from exposure to low energy charged particles as opposed to the
more penetrating charged particle and electromagnetic radiations. Un-
fortunately, it is the low encrgy charged particle of space ol which
the least is known. ost of the early space exploratory satellitces
and probes have contained simple detectors that were selective for
high energy radiations to the exclusion of the low energy particles.
Recent data, frow Explorers 12 and 14 with more sophisticated equip-
nment, indicate that high levels of the lower energy particles exist in
the Van Allen belt regions. Another region of which little is known
is the area immediately in the vicinity of the magnetopause and the
recions of interplanetary space. Anotier cause for uncertainty arises
from temporal variations due to solar storms of varying intensities
that distort the gecmagnetic trapping areas causing unpredictable and
wide fluctuations in intensity, cnergy, and spatial distribution of
the charged particles. Certainly the space "weather" i1s very difficult
if not impossible to predict with a high degree of accuracy.

The region of space considered, for purposes of this study, is
bounded by 300 nautical miles out to the outer limits of the magneto-
pause, i.e., to 10 to 12 earth radii, or about 40,000 to 48,000 wiles
altitude. Of principal concern then, arc the trapped radiations occur-
ring within the magnetosphere; the changes in these belts resulting
from solar flares; and the cosmic and solar emissions in the form of
clectromagnetic and charved particle radiations penetrating this reczion.

Treatment of cosmic radiation has been limited to basic data
sufficient to indicate the relative effectiveness, or ineffectiveness,

ol damage from this source of radiation. More complete treatises are
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readily available in the literature and standard reference hooks. For
the purposes of this study, cosmic rays are a negligible factor in
materials degradations.

The subject of temperature and pressure as a function of altitude
has been included to be complete. However, at the altitudes under con=
sideration, we are primarily concerned with the atomic density or the
number of particles per unit volume found in space and the speed of
these particles (thelr kinetic temperaturc). These data may be of
importance when considering the relative speed of a satellite and
slowly, or swiftly, woving uncharged atomic particles on collision
with the surfaces of the satellite.

In the case of micrometeoroids, the potential physical damage
possible to surfaces of the satellite from these bits of matter can
be ecasily appreciated. 1In some cases, there can be actual penetration
of the surface by switt, dense meteoroids. These casecs are somewhat a
matter of chance and the deyree of risk can be inferrved.

The extremelv high levels of electromagnetic radiant encrgy in the
ultraviolet vegion of the spectrum originating with the sun combined
witih the earth's albedo, cause a good deal of attention to be tocused
on this subject. In particular, the existing intcensities and spectral
distributions of thiese electromagnetic radiations are of concern when
studyving materiaels cfrects because of the possible selective absorption
or sensitivitv of the material to particular wavelensths. Degradation
of spectral reflectance with excess absorptivity of the reflecting sur-
face following prolonged exposure is of concern to the optical engineer.
The damaging effect of the combined cenvironment or reflecting surfaces
exposed in space missions is certain to be more apparent than for other

satellite structures.

1.1 Temperature
From a practical point of view the conditions of temperature
in space are somewhat paradoxical. Temperature, being defined in terms
of the averave random kinetic energy of the molecules or translational

motion, is determined rfrom the following equation:
b (&
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where v = average molecular velocity
k = Boltzmann constant
m = particle mass
T = temperature

From this it can be seen that temperature is proportional to the mass
and the square ol the velocity of the molecule or particle. As can be
noted from Fiz. 1 (Ref. 1) the xinetic temperature rises rapidly at
altitudes above 100 km, which means that the particle is moving at

very high speeds. At altitudes of 400 km and greater, the kinetic
temperature is approximatelr ! 00YK but here the atomic density is

only about 107 atoms/cm3. This tow Jdensity of high temperature mole-
cules or atoms will not greatly atfect the temperature of the satellite.
At these and hi-her altitudes the vehicle achieves a thermal balance
between the sun (H0O0U-K), cartn (288YK DLlackbody), moon (123-4%00VK
blockbody), its own i.ternal heat sources, and space (49K blackbody).
Even at a pressure of 107 mm Heg (~~ 100 k) and an assumed vehicle
temperature of 3000K, the ratio oil lheat transier by conductive means

is about lb_3 ol the radiative process. leat transfer clfects may

.
: . ) ~5
usually be adequately simulated by testing pressures of 10 mm .

1.2 Pressurc-Density

Atmospheric pressure decreasces from 760 mm Hg at sea level
to a figure of less than lu'l: mm He beyond 4000 miles altitude (approx-
imately one carti radius). (Refs. 1, 2, and 3). Figure 2 (Ref. 1)
charts pressure as a function of altitude. As the pressure changes
with altitude, there is also a change in the relative concentrations
or densities o!f tlie constituent molecules or atoms, Fig. 3 (Ref. 4).
At lower altitudes the N, molecule is predominant. At about 200 km

2

altitude O2 nolecules dissociate into single neutral atoms and pre-

dominate. At altitudes above 1000 km He atoms beyin to predominate.
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Above about 2500 km, H atoms predominate as noted from Fig. 4 (Rei. 5),
which gives atmospheric and constituent particle density as a function
of altitude. Table I (Ref. 2) tabulates atmospheric pressure, temper-
ature, particle density, concentration, and ionic composition at
selected altitudes.

Singer (Ref. 6) defines the base of the exosphere as the
level above which one half of the escaping atoms will undergo a col-
lision. From this base at the top of the atmosphere, molecules may
¢cscape into space. At lower altitudes meolecules are prevented from
escaping by collisions with other molecules in the overlving atmos-
phere.  The exosphere is, therefore, the fringe of the atnosphere that
extends into space. This altitude is calculated to be 530 km which is
equivalent to a geocentric radius of 6900 lua.  In the absence of col-
lisions above the basec of the exosphere, there will be no thermodynanic
equilibrium and, in peneral, no Maxwellian distribution of velocities
of the particles. Therefore, the concept of Cemperature cannot he

used above this altitude.

1.3 Electromasnetic Radiations

Iifrared, Visible, Near Uliraviolet (2>3000R)

The total flux of solar cloectromagnetic radiation per
unit area at 1 AU (astronomical unit) trom the sun is known as the solar
constant. The solar constant is given as follows:

2
2 0 (=0.0%) calories/cm™/min

or

Tiie greatest bulk, or approximately

: 98.7 percent of
&

electromagnetic eneryy existing within our solar system emanates from

7

the sun in the spectral range above 30004 in the revion between 0.3

and /7 microns

o~
N
i

I
(O
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The sun's energy spectrum is given in Fig. 5 for
altitudes greater than 100 km (Ref. ). The spectrum closely appion-
imates the emission of a theoretical blackbody solar disk at a tem-
peraturce of 6000°K, a commonly accepted fivure used in calculations
involving solar enevgy. At distances large with respect to the sun's
diameter, the irradiance may be considered to vary in accordance with
the inverse square of the distance to the sun.

The sun's energy output remains very constant. Vari-
ations caused by sun spots and solar flares cause less than 0.4 per=
cent change in output. Mest of this chanwe oceurs at the short wave-
Lenpths.  This is fuvther discussed in Subscction l.,. Table II
(Rei'. 2) ¢cives a breakdown of the fraction of total energy and the
total enersy on a cuawlative basis with increasing waveleneth valtves.

Important to satellites is the eifect of the atmos-
phere's rerlectance and scatterine properties, or albedo vadiation,
which causes an increase in the radiant cnercy to which the vehicle
surfaces are oxposed. The earth's hemispherical rerlectance (albede)
averages 0.30 to 0.39 at visible wavelenuths, with seasonal chanses
tron about 0.3 to C.>. lLstimates for the near infrared are about 0. 3;
for the near ultraviolet about 0.5 (Ref. 2). For a 100-mile earth
orbit and an assumed albedo of 0.30 the maxinum radiant eneryy per

B
unit area on a sphervical yehicle is 400 watts/meter”. Figure 6 shows
the eneryy per unit area of spherical and flat surfaces as a function
of altitude resulting from the carth's albedo and the earth's thermal
radiant ener;y (Ref. 3).

Besides reflected sunlight, there will also be thermal
emission trom nlanets at far-infraved wavelengths. Close to the carth,
thiis amounts to about 2 x 10D crg/cmz/scv, peaking at lZ0,000i (12
microns) . Much less than 0.1 percent of this radiation is at visible
and ultraviolet wavelengths. The same is (ruve of the radiation from

the other plancts. These radiations, as well as the zodiacal light
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TABLE 1T MULATIVE ENERGY DISTRIBUTION IN SUNLIGHT, AT EARTH'S
DISTANCE FROM THE SUN (Ref. 2)

T
; |
H ! 'y +
Up to wavceiengih, ; Fraction of Energy, at sunspot
£ : total cnergy maximum (including
’ | ’ flares) erg/cm®-yr
- »
6. 1 | 107 | 102 - 10
- ‘ 3
1 . 10" 10 - 10
. -8 3 6
10 , 10 107 - 10
' - 7 8
1o 1070 10° - 10
500 : 107° ‘ 108
1, Gud 107° ‘ 108
1,500 : 1077 | 107
2,000 e 107" 4 x 10”
2, Huvu i 1.3 x ‘O.3 6 x 1010
| - i 11
3,000 1.2 x 10 5 x 10
|
- ! 12
4,000 9 x 10 2 4.0 x 10
5,000 0.24 1.1 x 1013
&, 000 | 0.37 1.6 x 10
: ! 1
: 7,000 i 0.49 2.2 x 1013
. | ‘
8,000 ‘ 0.38 2.6 x 1013
|
9,000 , 0. 65 2.9 x 1083
' |
13
10, 000 § 0.71 ; 3.2 x 10
] 5 : 13
1 15,000 i 0. 88 ‘ 3.9 x 10
i .
! 20,000 : 0, 94 ! 4.2 x 1013
| 13
i 30, 000 0.98 4.3 x 10
i | 19
70,000 i 0.9939 l 4.4 x 1u”’

‘ %, 0 19 2 5
i 107 to 1. protons/om®-yr shorter than 0, 1 A,
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caused by scattering of solar radiation by interplanetary dust particles
. -3 . . . ) .
of the order of 10 cm in size distributed throughout interplanetarv

space, are of ne; ligible energy when compared to the direct solar radi-

at.Lon.

Meteoroids

Damage to materials can result from meteoroids by
ercsion, perforation, spallation, and pressure shocks. The extent of
damage is related to the flux rate, particle size and density, and
impact speed.  As is gzenerally true of other elements of the space
envivonment these data are not vet too accuratelyv defined with respoect
to spatial distribution and are variable with timc. Metcoroids may be
classitied as meteorites, meteors, and micrometeoroids or dust. Thesc

differ as to mass, density, orbit, and origin,

Meteorites

Masses o6 stope or metal reaching the earth from outer
space, are believed to be oi asteroidal origin and orbit the sun not
far from the eccliptic. Thelr masses arc often above 1 sram with densi-
ties ol 3 to 3.» gm/cm3; about 10 percent are iron-nickel [ragments
with densities of 7 to 8 gm/cmg. Theiv velocities are usually about
20 kn/sec though they may have velocities of a maximum of 72 km/sec.
They do not concentrate around the carth so that their flux in the
vicinity of the carth is so low that collision with an earth satellite

is hiphly improbable.

Meteors

Visual i1lashes are caused by the entrance of meteoric
particles into the carth's atmospherc. The majority of these particles,
detectable visually or by radio, radar, or pliotography, are presumed to
come from comet debris.  They avre mostly porous dust balls with a very
low overall density, probably near 0.1 gm/cmz with a mass venerally

o -0 .
less than 1 gm down to the limit of detectability of 10 am. o Orbits

are elliptic, mostly with hizh eccentricities, and occur at all angles
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to the plane of the eeliptic. These metcoric particles do not cou-
centrate around the earth. Their velocities relative to the eartl or
a satellite range from a few km/sec outside the earth's gravitational
[ield up to about 72 km/sec and average about 30 km/scc. Close to the
carth the minimua velocity is increased by the carth's gravitational
field to 11 km/sec. Closer to the sun, velocities increase. Some of
the meteors are associated in showers noving together in elliptic
orbits which the earth may intersect once or twice a vear. Figure 7
sives the distribution of velocities for sporadic and shower mecteors
(Ref. 7). Figure 3 charts the number of particles as a function of

ecliptic latitude, (Ref. /).

’

Micrometeoroids

The fine dust particles are belicved by some to be of
the sane cometary oricin as the visible meteors. Densityv of the par-

. - . - 3
ticles, or porous agiuresates of dust, rance from 0.05 to 3.5 ¢/cm

o -10 ) . < .3
Miniium masses vary [rom about 4 x 10 4, at a density ot 0.05 o, ¢,
. . - L4 . o ;.3 - . .
to avout 7 x 10 g, at a density of 3.5 g/cm”. The maximum size
-
approaches 10 0. Dust orbits around the sun are, in general, neavly

circular and are near the plane of the ecliptic, Relative velocities

are mostly under 20 km/scc. Predictions of increased dust concentra-

tion around the carth are contfirmed bv examination of the altitude

dependence of micrometeoroid rlux as measured by sounding rockets,

satellites, and space probes. Attempts to quantitate the data indicate
-2

- Co . - -1 .
[lux vaviation with a power of R of between R = and Rc where R is
e e ]

e
the geocentric radius. The dust cloud around the earth extends out
about 100 km.  The particles composing it are ecither spiralling in
toward the earth ur orbiting around it. Velocities relative to the
earth probably average 7 to 15 km/scc at low altitudes, and 3 to 10
km/see at higher altitudes. The dust c¢loud is held by g¢gravitation.
Atnospheric drag, including electrostatic drag, and interactions with
solar radiation pressure may play a part in the earth's capture of this
dust from the heliocentric orbits. In interplanetary space, the dust
concentration increases toward the sun at about the 3/2 power of solar

distance.
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The chart given in Fip. 9 (Ref. &) gives a comparison

ol data on cumulative metecoroid impact rates near the earth estimated
by various workers. Whipple's curve, labeled 1963A, Fie. 9 represents
the most recent estimation of influx rate by an expert in this field

of study. This curve and the curve labeled "B" in the figure have

. . 3
been calculated for an average particle density, 0, of 0.44 ¢/cm”.

1.4 Pegradation of Reflecting Surfaces by Micrometcoroids

In this section cquations are developed to predict the effect
of micrometeoroid bombardment on reflecting surfaces in earth orbit
Numerical results, which are given for several scts of assumptions,
indicate degradation of reflectivity from this source is not too
severe. However, since detailed data on the micrometeoroid tlux are
not yet avallable and since the theory of hypervelocity impact is not
fully developed, these numerical results must be considered as only a

first approximation.

1.4.1 General Approach

A micrometeoroid striking the reflecting surface of a
thick target is assumed to create a hemispherical pit in the surtace,
as 1is indicated by hypervelocity projectile experiments (Ref. 9). It
is further assumed that the circular area defining the top of the pit
has zero reflectivity, which is the worst case. 1In the following
treatment nor .ol incidence is assumed for the entire micrometeoroid
flux, alt.. - t 1s realized that this in general will not be the case.
When turtier oo juts on orbits and orientations of the reflection ex-
periment are availdable the following equations can be corrected for
proper angle ol incidence distributions.

It has been shown (Refs. 9 and 10) that the volume of
material displaced to form the pit is directly proportional to the
kinetic enervy of the impinging particle. The constant of proportion-

ality, KT’ involves only physical properties of the target material.
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Since there are at least three different theories (Rets. 11, 12, and
13) on the calculation of this constant (as discussed later), we will

leave KT as ununown for the moment, and formulate the above statement

as:
1/2 v’/
vV = 2 mwv KT (L
, . . . ) 3
where V = wvolume of hemispherical pit (cm™)
m = wass of micrometeorcoid (cramg)
v = velocity of micrometeoroid (cm/sec)
; 3
kT = taryet constant (ergs/cm’)
Thie area removed from the retlecting surface (i.e., target) is calcu-
lated from the formumlas for the volume of a hemisphere and the area
of a circle to be:
/
N
3 /hV 2/3
A= [ ()
/
] 2
wvhere A = area removed from surface (cm ).
Combining Eqs. 1 and 2 yields:
1/2 242/3
[ 3m mv ‘
A = | T (3)
4K, I
T

This expression gives the area of reflecting surface removed for any
nicrometeoroid of mass m and velocity v.

In corder to calculate the integrated effect of the
micrometeoroid flux we nced a distribution function relating the num-
ber and mass of these particles. This function is provided by the

work of Whipple (Ref. 11) as:

N o= Kw/m ()

where N = number of particles per unit area per nnit time
-2 -1
(cm sec )

16

-

- y)
Ky = Whipple's constant = 5.3 x 10 o/cm”/sec
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The diffterential form of Eq. 4,

9
dN = -K‘ dm/m” ()
3

may be combined with Eq. 3 to yield:

7 2
Ady = - EEiiE_E: 2 . m#/3 d ()
iy A KT . I\\‘J PR m )

I we assume a constant velovcity for all particles, as is generally

accepted (Ref. 9 and Ll1), Eq. 6 may be inteyrated to give:

»nAdN T= l//3\ ) N ! ()
n

The dusired quantity, jAdN, which is the fractional arca loss per unit

time due to the entive flux, can now be found, <iven the required con-

stants and the lowwer limit ol wmass, %, are known. This lower limit

of mass can be caleulated based on Whipple's consideration (Ref. 11)

that when the solar rvadiation pressure on a particle exceeds the solar

cravitational force, the particle will be torced out of the solar

systen.,  The voverning equation is:

- -11
. 5,76 x 1O
e = - (8)
O D
m
- D . N 3
where 0O = assuncd micrometeoroid density (iem™) .

We now reoturn to consideration of the target constant,
KT’ wh'ch is the ener v required per unit volume in the formation of
the pits. As mentioned above, at least three approaches have been
propused for calculating K.. The first, sugpested by Whipple, (Rerf.
fh

1), involves the thermal cnervy required to melt the target material.
Sy (]

This is formulated as:

7
I

1 p, (CAT + Al (9)
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3

where 2O = density of target material (c/om™)

(9]
]

specific heat of target material (ergs/ g, 9C)

AT = difference between target temperature and melting point
of target material (°C)
All = latent heat of fusion of target waterial (erus/e)

‘lhe sccond approach, proposed bv Barnes (Ref. 12),
is based on an empirical fit of data frow hypervelocity impact experi-

ments. Barnes' equation ig:

) 2
K., = 394 x 10 7 p.v (10)
T2 1 s
wiere v = velocity of sound in the tarvet material (cm/sec).
s

The third approach, put forth by Fichelverier and Gehring (Ret. 13)
is also based on hypervelocity impact experiments. Their form of the

cquation 1s:

8
e = S5 x 1 3 11
RT3 2.5 x 10" B (11)
where B = Brinell hardness number of the target matcerial.

Considering the wide variety of material properties
used in these three approaches the calculated results for area loss

agree remarkablv well, as is shown in the following section.

1.4.2 (alculated Results

Turee of the tive materials of interest as mirror
substrates are aluminum, copper and niclkel. In the case of copper or
nicizel a thin i1ilm of silver or aluminum would tvpically be deposited

on the surface to enhance reflectivity; however, these films are so

thin (200 to 1006A) that we will assume the substrate properties comn-

trol the pit formation. Physical properties of these substrate matce-
rials used in calculating the tarcets constants (K., K., and K_.)

T1 T2 I3
arvce wiven in Table ITT.

’
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TABLE I1I
PHYS [CAL PROPERTIES OF MIRROR SUBSTRATE MATERIALS

3
Material pO(o/cm™)  C(erg/,/00) MICery/g)  M.P.(R0) vs(cm/sec) B

6 ¢ 5
Al 2.7 .4 x 100 3.2 % 107 660.  5.10 x 10° 1o
(300°C)
. N o 6 9 ) 5
cu 8.93 i« 10° 0 2.0 % 10 1083, 3.56 x 107 140
(35000)
' C
Ni 8.90 5.4 % 107 3.0 x 100 1453, 4.97 % 107 200

(7000¢)

The quantities in Table III are used to calculate the
three different KT'S shown in Table IV. TFor &T in the KTl equation
(Eq. 9) the wmelting point is used, i.c., the substrate temperature is
assunied to be 0°C. 1t is scen, however, that cven if a temperature

several hundred degrecs above or below 0°9C were used K. would change

T1
very little.
TABLLE LV
TARGET COLSTANTS FOR MIRROR SUBSTRATE MATERTALS

Material KTl (Fg. 9) KTZ (Eg. 10) KT3 (Eq. 11)
Al 2.70 x 1010 2.68 x 1010 0.4 x lOlO
Cu 0.07 =% 1010 4,72 x 10lo 3.5 x 1010
i3 9.70 x 1010 7.87 % lOlO 5.0 x 1010

The other two quantities which must be specified in
order to malke use of Fq. 7 are the average nicronetecoroid velocity, v,
and the density, p , of these particles (from which is calculated the

1

)

lower mass limit, %, by Lq. . For velocity we have chosen two cases:

4 X 106 cm/sec, which is believed to be typical (Refs. 9, 1%, and 15,

- 6 . . . . : .
and 7.2 x 107 cm/sec, which is believed to be the maxinum possible
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velocity (Ref. 14) . For density we have also chosen two cascs: 8.7
3 s - . . 3
g/cm”, which represents a pure nickel micrometeoroid, and 1.0 g/em™,
which is believed to be more typical of micrometcoroids (Ref. 1u).
The lower mass limits, w¥, calculated from these densities using Eq. 9
. R =13 N -1t
are, respectively, /.35 x 10 o and .76 % 10U o
The fractional surface area loss per year {or all
combinations of the three materials, the three tavpet constants, tnce
two assumcd velocities and the two assumed deunsities, calculated ifrom
Eq. 7, are given in Table V. IU is scen from Tablce V that cven witn
the most pessimistic set of assumptions the surface area losses per
vear are relatively small: 3.57 gor Al, 0974 ‘or Cu, and 0.7b64 for Ki.
1.4.3 LResul's DBased on Whipple's 1003 Lotinmate of Micro-
etcorold Envivonment

Very recently a new estimate by Wnipple of the micro-
meteoroid environment has become available (Retr. ). Using this new
estimate, the predicted eflfects on the metal-substrace mirrors are
sortievihat smaller toan those given above.

Based on recent experimentul data, Whipple estimates
that the micrometecoroids have a mean velocity of 2.2 x 10" cny sec, A

. - " 3 . . . . .
mean density of 0.4%4 o/cn”, and a distribution given by:

-

19 ~1.34

N = 3.31 x Lo m (rn
N H 2 H
where N = number per cm per second
m = mass in grams
-~ . . . . . - -10
The new density estimate yields a lower limit of mass, m% = 2.9 x 10
(Sce Eq. 8)
The revised form of Eq. 7, resulting from the above
changes is:
/2 2142/3 o
n o oo -19 (37 v -0.67 | -
ACN = 2.96 x 10 —— 1 B (13
: ~:~l\t 1%
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Using Hq. 13 the caleulated values of the fractional area loss per
vear Lov the three materials and threc taryet constants discussed

above are given in Table VI.

TADLE VI
FRACTIONAL SURFACE AREA LOSS PER YEAR FOR MIRROR

1

SUBSTRATE MATERLALS BASED ON KEW WHIPPLE ESTIMATE

Material Using KTL Using KTZ Using KTB Other Assumptions

QD --'I; a0 . 2 -3 v O 77,
Al 3.8 = 10 5.8 % 10 3.1 @ 1u Vo=2.2x10"; 0=0.%4

. . -5 -5 -4 o 9]
Cu 5.1 x 1o 6.0 x 10 /ohox 10 V=2.2x10" p=0.44

) -/ -’: R 7 ‘
3.7 1 3ok Lo LN 10T v= 202 x 107 0 = 0,44

.5 Solar Wind

r

The solar wind consists of more or less steady streams oi
plasma Dlowing from the corona approximately radially outward from tie
sun.  The study ol plasmas in space is closely connected with the study
of interplanetary ma nctic iields. In fact, it is preferable to think
of a plasma measurement and magnetic [ield measurement as Lwo aspects
ot a single experiment. The high clectrical conductivity of the plasna
causes the magnetic flux lines to be etfectively frozen into the plasma.
In the normal case in interplanctary space, the kinctic encroy density
ol the plasma is yreater than the magnetic energy density, so that the
magnetic field is carvied along by the plasma molion. Near the carth
the situation is reversed, and the solar plasma is excluded from ve-
gions where the geomagnetic cneroy density is greater than the cneroy
density in the plasma, so tuat a cavity (the magnetosphere) is formed.
This plasma consists primarily of protons; heavier isng avc
expected to be present in about the ratios Lound in the solar alioge-
pherce: about 15 percent atomic He, and less than 1 percent neavier

clements (Rer. 2) . Densitics and enerciecs of the quict sun emissions
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TABLIE V

FRACTIONAL sURFACE AREA LOSS PER YEAR FOR
MIAROR SUbLSTRATE MATERIALS

Mater . oal o Jeing KI Clsing (1 iJsLnb Kl Other Assunmptions

_“,EH%WW L ] 2 3
Al Col.2 x 10-3 1.2 » 10-3 4.4 x LU“B v = 4.U % 1Ub; o=
Cu Tk w0t s xw Y Lox 1w v=s0x1® 0=
Ni 5.3 = lu_4 6.0 x LU_A o 2 X lU_A v = 4.0 x Lub; o=
Al 5.3 0 1070 5.3« WLy x Wl v =40 x 0% o -
Cu 3.0 x 1070 3.6 x B W03 v =a0s 1% o s
N1 2.3 x LU-3 2.t X LJ—3 3.0 x LU-B v = 4.0 X LUb; co=
Al 2.7 % 1070 2.7 x 3 11.) x 0l v=7.2x lub; c o=
Cu 1.6 x 10-3 »1.8 X 10-3 22.3 X LO_3 v = 7.? X Lob; o o=
Ni L2 w2 i3 x w7 :1.8 METIE VI S TR

.. T Ty e :

Al 1.2 x 10-2 1.2 x 10—2 3.5 x 10-2 v = 7.2 x lué; o=
Cu 6.7 x 107> 7.9 = L3 9.7 x 1072 v=7.2x Lub; o=
Ni 49 x 1073 50 070 ?7.h 1oy =72 % o=

3
1 H . il

L6 Vipal



or solar wind are variously given as falling between 10 and 100 parti-
cles/cm3 at energies of from 5 to 0,5 kev (Refs. 2, 3, 18, and 19).

In terms of flux rate, the range varies from 4 x 108/Cm2/sec at 500 ev
(Ref. 18) to 5 x lOg/cmz/sec at about 1 kev (Ref. 20). Dircction is
presumed to be generally radial from the sun (Ref. 2) but could be
random. The necessary electrons to neutralize the positive particles
may be present in a flux as high as a few times 1010 e/cmz/scc at

E < 2 ev (Ref. 2V,

Solar flare radiations occur about once a month at the maximum
of the ll-year solar period and perhaps 1 or 2 per year at the solar
minimum. The proton {lux near the earth associated with a major flare
is typically 1OA proton/cmz/sec at energies above 20 Mev, extending up
to 102 p /cmz/svc above 100 Mev and 10° p/cmz/sec above 500 Mev.

Record flares, occurring perhaps twice each solar maximum
have had proton fluxes 10 times as great. The proton flux accompanying
a solar storm usually lasts about a dav. One measurement after a flarc
of moderate size showed 106 to 107 electron/cmz/sec at roughly 50 kev
(Refs. 2, 3 and 20). Therc are also low-energy flare protons at 0.5
to 20 kev; the flux of these is not well known. It may be lower than
108 proton/cmz/sec (Ref. 2), or as high as 1012 proton/cmz/sec (Refs.

2 and 20). Low-energy electrons at 0.25 to 1U ev presumably accompany
the low-energy protons; their flux may be 1 to 40 times the proton flux.
These low-—energy particles are effectively shielded by the geomagnetic

field and exist primarily in regions outside the magnetosphere.

1.6 Effect of Charged Particles on Reflective Surfaces

Although preliminary estimates, made ecarlier during this study
program, indicated charged particles would have a relatively small ef-
fect on a reflective surface, recent experimental evidence shows these
particles, especially low to medium energy protons, may cause significant
reflectivity degradation and an undesirable increase in the thermal con-
trol parameter, a/c¢. The damage mechanism is nonuniform sputtering of
the metal surface, which, in the case of aluminum, results in a high

density of irregular pits on the surface in size range of 1 to 5 microuns.
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The evidence of this type of damage was developed in recent
experiments by D. L. Anderson (Ref. 21) and D, L. Anderson and G. J.
Nothwang (Ref. 22) in which space proton bombardment of polished metal
surfaces was simulated with 1 kev hydrogen ions. Their results for
polished pure aluminum, which is most generally used for reflective
surfaces, are of particular interest, Bombardment with an integrated
flux of 1021 hydrogen ions per cm2 increased the solar absorptivity
(a) of the surface to 0.23, compared with its initial value of 0.09.
Therefore, total solar reflectivity was degraded from 0.91 to 0.77.
However, the degradation of specular reflectivity, which is the meas-
ure of a solar concentrator's performance, is even more severe. Study
of the photomicrographs of the Al surface before and after this treat-
ment (Ref. 21) leads one to a conservative estimate that after sput-
tering at least 30 percent of the remaining total reflectivity is dif-
fuse; thus the specular reflectivity is estimated as 0.54. It should
be noted that even at an integrated flux of 1020 hydrogen ion an in-
crease in o from 0.09 to 0.13 was measured by Anderson.

In order to assess the significance of the above results one
must relate the laboratory experiment with 1 kev protons (hydrogen ions)
to the space environment, With the present sparse and often conflicting

data on the charged particle space environment this is quite difficult.

1.7 Ultraviolet X-Rays () less than 3000 a)

The fraction of total radiant energy below 3000 s about
1.2% of the sun's energy amounting to about 1.7 x 102 erg/cmz/sec.
Principal lines are given in Table VII. A chart of the solar ultra-
violet spectrum is given in Fig. 10 (Ref. 23). During periods of solar
flares the levels can be increased by several orders of magnitude for
periods of a few hours. (Ref. 24),

The main reason for interest in these uv and X-ray emissions
is because the photon energies are sufficiently high to initiate chem-
ical reactions and ionization of materials. Such reactions can begin

at wavelengths below 3000 % in the near ultraviolet. Again, because

4326~Final I-25



43.26~Final

TABLE VIT . IENSITY AT 1 ASTRONOMICAL UNIT PRODUCED

BY THE STRONGEST SOLAR EMISSION LINES

(Ref. 9)

-
v

1

INRER]

t

th)

— T ke

— s e

G Lol ox

: 5 Ty
x

-1
'
-1
»

"'l.‘!vl‘;l;l

7
~1
.

T on
1051 4!
1

102572

IR N
un T
Uy T 08
[RESYIAR
04T w0

N4

Identification

Erg/cm?/sec

SiTH T
~ Iy

ALLT 2,
(G B

- o
[JORN T

/

— = 2O s~

b b et
LI )

re

010
0.15
.40
0.0x
.16
0u7
0.0
(ARSI
gl
Dy
[ANEREN
(013
.03}
[FXSNIY
0O.000
0.025
0020
(YRR
020
001y
1003
0.004
a1
3.030
0.010
0.003
(1006
0025
0020
0.060
0.010
0.006
0.050
0.U10
0.005
0.0y

N . . . B \ 2 . v
Fhie vadue fir Ly appoes to e intensity within the -4 wine ceniial

partol e Lne Dased onan wonschatnber rewding of B0 ez emd/sec

* Indicated that tee lineis w biend of nes ¢F other eiernents or is an unresoived

multiplet,

I-26



=1 -l
SA

-2

ERGS CM

Tl

ANGSTROMS

SOLAR SPECTRAL ENERGY DISTRIBUTION FROM

o
2000 A TO X-RAYS (Ref.’.)

/ /1 /' /
fx / }
Je &l ]
v o OOI ol
] o/ S Sl
I8l &
Y | / o ]
/ | I
I / ]
/
\
\
\
] /"\ T
v 4 N\
NeIX\\ ]
I
100 10000



of concern with surface effects these radiations are of more than usual
interest even though their intensity levels are low. In view of tran-
sient nature of sunspots and solar flares the most practical presenta-
tion of data is in terms of yearly averages.

Figure 10 (Ref. 23) summarizes results of rocket measurements
of solar spectral energy distribution above the atmosphere. This chart
gives data obtained during sunspot minimum in 1953 and 1954, marked
A-16, and during sunspot maximum in 1956, marked A-43. They represent
the minimum and maximum fluxes observed during a sunspot cycle. The
shaded region added to the A-16 curve is the increment of flux meas-
ured below 208 and attributed to localized hot spots at 2 million de-
grees K. Near sunspot minimum in 1953 and 1954 the rocket measurements
indicated a marked reduction in x~ray emission below 201. In some ex-
periments no emission at all was detected below 105. With the approach
to solar maximum, the overall x-ray flux increased, especially at the
shorter wavelengths., In the 2 to 8 R band the minimum to maximum vari-
ation was a factor of several hundred; from 8 to 20 7, at least a fac-
tor of 45; in the 44 to 60 K.band, the variation was approximately
sevenfold. Assuming that the x-ray spectrum had a gray-body distribution
it was not possible to fit the measurements in these three wavelength
intervals by a single temperature. The longer wavelength emission could
be adequately described by a temperature between 0.5 to 1.0 x 106 degrees
K, but the shorter wavelength range, below 20 A required a temperature
closer to 2 x 106 degrees K.

Rocket measurements have shown that the entire night sky as
seen from 100 km is aglow with a diffuse Lyman o radiation which pro-
duces an illumination of lO_-2 ergs/cmz/sec for the entire hemisphere.
The intensity drops to a minimum in the direction opposite to the sun
and it is concluded that most of the radiation is solar radiation scat-
tered by neutral hydrogen. While much of this hydrogen is probably as-
sociated with the earth, part of the scattered radiation may originate

from neutral atoms in inter-planetary space.
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Many reflective surfaces being considered for solar concen-
trator use have dielectric coatings over the metallic reflective mate-
rials., These coatings are used both to provide mechanical and chemical
protection for the metal layer, and to lower the ratio of solar absorp-
tivity to infrared emissivity in order to limit the temperature extremes
experienced by the mirror structure in orbit. However, the dielectric
coatings may be subject to degradation in the space environment, resulting
in the lowering of reflectivity.

A specific example of this type of degradation was reported
recently (Ref. 25). A large number of reflective aluminum samples
coated with various types and thicknesses of anodic oxide, and a few
samples coated with evaporated dielectric such as SiO, MgF2 and TiO2
were irradiated with a good approximation to the solar ultraviolet spec-
trum while being held under vacuum of l()_5 torr. Although a wide vari-
ety of results was obtained, most samples showed a significant decrease
in reflectivity (typically 3 percent to 10 percent) after an ultra-
violet irradiation equivalent to solar irradiation from 300 to 1200
hours. Evidence was developed to show that the reflectivity degradation
was due to increased absorption in the coating, probably caused bypphoton-
created vacancies,

Although it was not investigated in Ref. 25, it seems most
probable that the radiation constants of interest for thermal control,
i.e., solar absorptivity and infrared emissivity, were also changed to
a significant degrece.

Recent findings of Hass on the effects of ultraviolet irradi-
ation on the ultraviolet reflectance of slowly deposited SiO aluminum
mirror overcoatings indicate that much is still to be learned on radi-
ation material interactions in this spectral region. Metals are not
exempt from possible optically degrading effects. An example of findings
of interest is the work of Ivanova (et al) who measured reflectance deg-
radation of aluminum and rhodium mirrors for irradiation in the Schumann

region of the spectrum (l,lOOR to 1,8003) under the action of ultravioclet
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light in a vacuum. Some ultraviolet of longer wavelength was undoubtedly
present in their test. As mentioned previously, Earth albedo supplies

a portion of the ultraviolet. Much of the damage to nommetals has been
attributed to this radiation.

Electromagnetic radiation within the approximate spectral range
of 2 OUOF to 50A may be referred to as the vacuum ultraviolet, Shorter
wavelengths can be considered to lie in the soft x~ray region. Vacuum
ultraviolet radiation is emitted when matter is excited into energy states
between which transitions can occur and whose energy differences cor-
respond to the frequencies involved.

Thus, using an electron volt-angstrom conversion factor of
12,390, the energy equivalent of the 1,500K to 504 wavelength range is
8 electron volts to 240 electron volts. The creation of excited states
of matter with such high energies is equivalent to producing temperatures
of the order 106 °K.

Because of the high level of absorption of most materials (in-
cluding Si0) in the vacuum ultraviolet, the mass absorptive rate in
ergs/g-yr is potentially important. Solar radiation of the wavelength
range 5008 to 1,0003 provides 108 ergs/cmz—yr of ionizing radiation.
Penetration ranges at 1008 to l,OOOK are not well known but probably
lie between lO_4 and l()‘7 g/cmz. The resulting ionization dose of 1012
to 1()15 erg/g-yr will damage the thin layer reached by radiation and
will very probably affect optical absorption. Electronic excitation,
which is of concern from the vacuum ultraviolet up to 3,0003, can also
affect optical reflectivity. The mechanism for the ionization and ex-
citation damage is roughly one of releasing electrons from their equi-
librium positions in the crystal lattice resulting for some cases in
trapped electrons and holes or color centers. The amount of radiation
absorbed in a color center may be anywhere from 1/10 to 100 times that
required to produce the center. Therefore, radiation below 3,OOOK can

effect the absorption of radiation at longer wavelengths.,
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Organic materials will also receive 1012 to 1015 erg/g-yr from
sunlight of IOOK to l,OOO&. Such doses will cause severe degradation
to the properties of thin exposed layers of all known polymers. No ex-
perimental work has been conducted on polymers in the 1004 to 1,0003
range and only limited work has been done in the 1,0003 to 3’0002 range.

Material degradation experiments conducted by Moore in the
vacuum ultraviolet indicated the somewhat anomolous fact that for copper
and gold reflecting surfaces overcoated with Si0 less degradation in
2,5003 reflectance occurred for samples irradiated by vacuum ultraviolet
radiation in a vacuum of lO_9 mm Hg than when the sample was exposed to
vacuum alone. The previously mentioned recent findings of Hass support
these results at least partially by demonstrating that the reflectivity
of Si0 overcoated aluminum mirrors can be increased by depositing the
film in the presence of ultraviolet radiation.

Some Russian investigaters irradiated aluminum and rhodium
mirrors with no overcoatings and found that irradiation in the 1,7003
to 1,000& region caused a drop in reflectivity. Decrease in reflectivity
was attributed to oxidation by residual oxygen in the apparatus where
the measurements were made. Such a result might also indicate the need

for a high vacuum as an environmental condition.

1.8 Trapped Radiations - Magnetosphere

The earth's geomagnetic field is effective in shielding the
earth from solar cosmic rays and, to some extent, galactic cosmic rays,
by bending or deflecting these primary, charged particle radiations away
from the earth. The higher energy cosmic particles can penetrate the
field even at the geomagnetic equator where the field strength is a max-
imum. However, the lower energy solar particles are much more readily
deflected. The geomagnetic field also has the property of trapping and
holding, for long periods of time, charged particles that are generated
within the magnetosphere or penetrate it from without. This trapping
ability comes about as the result of the Lorentz force acting on a

charged particle moving in a magnetic field. The effect of this motion
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in the earth's dipole field is to cause the particle to mirror between
the poles and remain trapped within the force lines. Particles origi-
nating too low in altitude will not mirror before encountering the
earth's atmosphere where they are absorbed. Close to the earth the
field strength is higher than at greater atitudes. This causes longi-
tudinal drift of the protons westward and the electrons eastward.

Various models of the trapping region have been proposed.
These models and the intensity levels and spatial distributions are
changing almost daily as new data become available from orbiting satel-
lites and space probes. To this date the intensity of the trapped
radiation, its composition, and the energy spectrum of each component
as a function of position in space, direction, and time have not been
established conclusively. Until recently, most space radiation meas-
urements have been made with detectors that excluded the softer, lower
energy components of the trapped radiations. The resultant effect was
to find favored regions within the magnetosphere for high-energy pro-
tons and electrons which constitute the better known inner and outer
Van Allen belts.

The spatial distribution of the trapped radiations of the
magnetosphere may be visualized as a toroidal configuration encircling
the earth about the geomagnetic equator. The Van Allen belt radiation
is often described in terms of two main belts; an inner zone centering
at about 1.5 Re (earth radii), or 9500 km geocentric radius, distin-
guished primarily by the existence of high-energy protons of Ee 2 30 Mev;
and an outer, more diffuse, belt of electrons with Ee 2 1,6 Mev centering
at about 3.5 Re' The distribution of these energetic particles is given
in Fig. 11 (Refs. 26 and 27).

Later articles cite new evidence of high-flux levels of low
energy protons and electrons existing broadly within the magnetosphere
(Refs, 28, 29, 30, 31, and 32). An approximation by Van Allen (Ref. 28)
of the structure of these low-energy radiations is given in Fig. 12.

More quantitative data on these electron and proton intensities are
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given in Table VITII (Ref. 32). This appeared in the literature in

March 1963 authored by Frank, Van Allen, Whelpley, and Craven. In

May 1962, Davis and Williamson reported (Ref. 33) on the low-energy
trapped protons mecasured by Explorer 12. 1In May 1962, Freeman reported
the presence of an intense flux of low energy protons or ions trapped

in the inner radiation zone (Ref. 34). Gringauz, et al. (Ref. 35)
reported measurements of very low energy, Ee from 200 ev to 20 kev,
electrons existing in the outer regions of the magnetosphere. Electrons
trapped in the inner zone following as a result of Star Fish fission
electrons form an artificial belt of a fairly durable type below the
lower level of the inner radiation zone. The combined results of these
various data are summarized in Fig. 13 for electrons and Fig. 14 for
protons. The energy distributions of electrons and protons vary with
altitude and latitude. There is also a time variation introduced by
magnetic storms. The electron and proton energy distributions for the
steady state or quiet sun are given in Fig. 15 for the geomagnetic
equator and at selected altitudes. From Fig. 14 there is a broad peak
of intensity occurring at between 3 and 4 Re' At this same geocentric
radius on the geomagnetic equator the electron flux is below the peak
level noted at about 6.5 Re’ but only about a factor of three lower.

In the inner regions the flux levels are less susceptible to magnetic
storms and disturbances which cause temporal variations in radiation
intensities within the magnetosphere and cause major changes in the
magnetosphere boundary, as noted in Fig. 16 (Ref. 36). In the region

of the 1.5 to 20 Re reliable data are lacking to certain of the electron
and proton intensities. For these reasons it is concluded that the
intensities given for the trapped radiation levels in the region of 3

to 4 Re are the most reliable and also most stable as to time vari-
ations. For maximum exposure of a surface in the radiation zone a cir-
cular orbit in the equatorial plane with a radius of 3 Re would be ideal.
Eccentric orbits of between 3 and 4 Re between latitudes of *20° would
still expose the surface to a substantial fraction of the total possible

exposure,
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TARLE VIII

ELECTRON AND PROTON FLUXES MEASURED BY EXPLORER 14
NEAR THE EQUATORIAL PLANE (REF. 22)

R , (Radial) 2
€ Jo’ Particlgs/cm /sec

Geocentric Dist. Energy Range
39,000 km clectrons 2 40 kev 1.5 x 108
39,000 km electrons 2 230 kev 1.5 x 106
39,000 km electrons < 1.6 Mev 2 x lO5
20,000 km protons 2 500 kev 4 (+2) x 106
20,000 km electrons 2 230 kev 4 x 104
20,000 km protons 2 4.5 Mev 1.5 % lOZ+
31,00C km electrons = 40 kev 1 x 108
31,000 electrons 2 230 kev 5 x lO6
31,000 electrons = 1.6 Mev 1 x 106
55,000 electrons < 40 kev 2 x 107
55,000 protons Z 500 kev 5 x 104
55,000 electrons 2 230 kev 3 x 104
55,000 electrons 2 1.6 Mev 1.5 % 103
65,000 electrons < 40 kev 1 x 106
65,000 protons 2 500 kev 1.5 x 104
65,000 electrons 2 230 kev 6 x 103
65,000 electrons = 1.6 Mev 2 x lO2
75,000 to

103,000 protons 2 500 kev 500

" electrons 2 40 kev 500
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APPENDIX II
REFLECTANCE MEASUREMENTS AND SIMULATED MICROMETEORITE TESTS

In 1963, tests werc performed at NASA/Lewis to determine the
effects of simulated micrometcorite fluxes on selected reflective sur-
faces provided by EOS. Silicon carbide particles, accelerated by a
shock tube, were impinged on the test surfaces. Resulting degradation
in total reflectance was then measured and was found to be high when
compared to analytical predictions based on available data.

To better understand and document the effects indicated by these
initial experiments, another series of reflectance samples was tested.
These samples, which were submitted to NASA/Lewis for testing, were
made from clectroformed nickel substrates 15/16 inch in diameter and
about 0.060 inch thick. Surfaces to be tested were prepared in the
following categories:

1. Chemically deposited silver, 600 to 1,000f

2 Bare electroformed nickel

3. Vacuum deposited: chromium 100°, aluminum 1,000°
4

Vacuum deposited: chromium 100i,osi1icon monoxide 2,5004
aluminum 1,000#

5. Vacuum deposited: chromium lOOz,Qsilicon monoxide Z,SOO?
aluminum 1,000%

6. Vacuum deposited: chromium lOO?,osilicon monoxide 2,500i .
aluminum 1,000%, silicon monoxide, 20,000"
The reflectance measurements of the samples before and after
micrometeorite testing, as well as measurements of control samples
retained by EOS, are listed in Table I. Figure 1 shows samples
1 and 3 from the six groups. At EOS the samples were measured at 0.625,
0.7, and 1.0 micron with a Beckman DU spectrophotometer. Each sample was

measured at least three times. The measurcment given in an average of
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TOBLE L
REFLECTANCE MEASUREMENTS
0.625. TEST WAVELENGTH

Refloctance

Group Sample Before Atter Loss .Net
Test Test Reflectance
A 7%
1 i 98.1 33.0 04.6 48.7
£ 96.8 8l.6 15.2
3 97.2 — -
2 1 66.9 27.8 39.1 31.4
2 66.8 03.0 3.8
3 66.7 63.3 3.4
3 L 92.3 21.8 70.5 26.5
2 91.6 86.6 5.0
3 91.9 87.5 4.4
4 1 92.3 41.6 50.7 47.2
2 93.1 - -
3 2.1 36.5 5.6
5 1 81.5 36.0 45.5 40.3
2 92.0 86.9 5.1
3 92.0 87.2 5.2
4 79.9 /7.4 2.5
6 1 84.9 43.3 4l1.6 42.0
2 69.2 70.0 (0.8)
3 61.2 5.0 (3.8)
4 84.1 83.5 0.0

Samples:
Sample 1 was tested at NASA/Lewis. Samples 2, 3 and 4 were controi
samples.
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TODLE T
(continued)

L. 0. TEST WAVELENGTH

Reflectance

Group Sample Before Alter Loss Net
Test Test Reflectance
% YA

i 1 98.5 54.5 34.0 05.6
2 8.3 - -
3 98. 6 85705 11.1

2 1 46 29 .6 45.0 32.2
2 Sh T /1.9 2.8
3 73.9 il 2.4

3 1 94.6 23.0 ;1.0 26. 4
2 443 90.6 3.7
3 94.0 90.9 3.1

4 1 Q4.2 G401 500 45.8
2 94.3 - -
3 93.2 91.5 iLs

5 1 93.1] 41.8 51.3 43.0
2 91.7 £8.9 2.8
3 91.5 90. 06 0.9
4 92.5 92.6 (0. 1)

6 1 YZ.o0 50.8 41.8 52.4
2 83.9 83.1 0.8
3 92.1 90.0 2.1
4 85.0 83.0 2.0
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PCLLE
{continued)

0.700.. TEST WAVELENGTH

Reflectance

Group Sample Betore Alter Loss Net
Test Tost Reflectance
i ] Y3 40.5 48.8 53.3
K Y9 .8 6.5 3.3
3 00 % - -
2 1 0Y .Y 20,2 40.7 34.3
2 by 43 5.0
3 ad. > 655.0 4.5
3 i 91.1 22,2 68.9 26.4
2 91.1 86.0 5.1
3 60,2 86.8 Rt
4 i 8y.0 42.5 46.5 L. 8
2 89.7 — —
3 88.8 8v.5 2.3
5 1 P 3304 46. 1 36.0
2 89.2 84,2 5.0
3 82.4 83.8 (1.4)
4 8l.n 76.3 4.3
) i 33.0 46.2 36.8 40.1
2 72.0 81.4 (8.8)
} 3 65.5 79. 4 (13.9)
4 82.9 8.6 4.3

*The 100.1 percent silver reflectance measurement, compared with pub-
lished values, indicates tha( the experimental error was in the order
ot x 0.0 percent.
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three readings. Reflectance measurements were made by the voniometer
method. The 100 percent reflectance level was measured by placing

the ohotocell it line with the spectrerhivtoneter beam.  An o luminum

stasTord wis then refevenced., This <tandavd Lo referred to gttty tes -

ins cach sample. M spectrophbotometer boar nade an angle of incidence
o . - . .

~f U vt the reflective surface and the aluminum standard.

e iritial reflectance measurements of Samples 1 to 3, Groups 1
throwgh 5, correlated closely with cach other and with published re-
flectance data.  The maximum variaticon betueen samples vithin o group
was 1.3 percent, which indicates the reproducibility between ncasurement s
and coating samples.

The initial reflectence variaticis mo . sais tes within Groups 5 and
o were caused by differences in thickness ¢ i, silicon monoxide over-
coating. The silicon monoxide overcoating acted as a selective spectral
filter. “isual observation of thesc samnles indicated g range of colors;
i.c., the samples within a group did not have maximum absorption of the
same wavelength., This observation correlated with the reflectance meas -
urements.

The tirst and second samples of each coating sroup were sent to NASA
Lewis for testing. The first samples were expused to a hypervelocity c¢loud

of silicen cavbide rarticles between 2 wud 14 wicrons in diameter which
were accelerated in a2 3-inch shock tube to g velocity of 8,500 ft/sec.
These articles were then impacted against the test samples at the following

levels of Linetic energy:

Som: le Kinetic Energy Zi % m, vi2
1-1 D70 joule
2-1 1.21 joules
3-1 L.42 joules
4-1 C.o6 joule
5-1 L.CY joules
6-1 1.22 joules
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The test procedure used was similar to that discussed in the NASA/

Lewis TP 8-63, "Alteration of Surface Optical Properties by High Speed
Micron size Particles”. For these tests, the average silicon carbide
particle size was 0.35 micrens. Using hinctic energy as the appropriate
independent variable for scaling damage, a test kinetic energy of 1
joule on a 15/16-inch disc diamter is equivalent to o near-eorth space
of aboeut 3 months.

The sccond and third samples f cachi groun were used us control
sanples to elirinate the effects of corr o n the results of the
experiment. ligures 1 through 6 summarize the diffusc and specular
measurcments made by both EOS and NASA/Lewis betwecn the wave length of
0,625 ouid 153 microns.

The 1 to I5-micron spoiulal reftectance data were derived by sub-
tracting the diffuse from the total reflectance. The MNASA dat. covered
this wavelength range.

Reflectance between the wavelengths of 0.02 to 1 micron is particu-
larly dwpertant sicoe Dbout TH percent o fhe toial sol.r inteasity is
represented oy thic cavelenytic region.

i

Lo evecular oo Wiolo difrose reflectance in the ) to l-micron region
are due to surface coaziness caused by the similated micrometeorite test.
Smell pits et as o diffasc e of Lo. velengths and a retlector to higher
wavelengths.

Some ot the differcvnces botween the reflectonce values above and

Deloe U micson ave als o dae oo a4 v aees 1o feeasarement techuiques
[ N I S Dove T oo indl it soee 1 lar reflectanc .
sever:! radi s above T ron indl e soecalar reflectances greater
thar 1 ¢ percent.

Electro-Optical Syvstems reflectance measurements taken on the control
samples for Groups 1 through 4 indicate a consistent loss in reflectivity

due to corrosion and aning cffects. (ontrol samples fromw Groups 5 and 6 do

not show a similar pattern. {his ran probably be explained by a fact that,

initially, the silico. monoxide coitinus con these samples were absorbing ot
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different wavelenvths., Oxidation and warer absorption then mav have
5 t A

. turther gitered the dbsorption chuaracteristics of the silicon monoxide

| proteciive films.,
Electro~Optical Systems reflectance reasurements cn the tested
samples were (orrected for corrvesion degradaticn as measured on the
| control samples, to yield the net reflectance values.
! Coparison of the sicrometecrite resistance between coating aroups

’

Iy Hrdicule because the binetic ctivrev of each test varied considerably,

However, the oo lowlos relivinare oo Lusiens can be Srawn fron the
linited sampling:
1. he reflectance ot chemically deposited silver is superior
(both before and after siculated ricrometeorite irnpingewent)
"

o all other cuatines, provided the silver is protected from

chemical orrosion.

2. The reflecrance ot cilicon Tonoxide~protected aluminun ceoatings
(as in Group 6) is superior to that of bare electr~forred nickel,
both befere and atter nlcrometeorite testing. The Group o coat-
ina had arhigher net reflectance after testing than the Group 3
«nating. The relative reflectances were reversed before test-
ing. This mav indicate that the thick silicon monoxide coating
cds s Twe advantage in proetecting the «ollector surface, providing
tie Lhiviniess can be controlled to wield caxinmum collector re-
flectance throughout the mission.

3.0 It is dif:icult te (ovpare the relative merits of various aluricag

undercontings as listed in Groups * and 4, since the test kinetic
energy of cach varicd, by oo factor of tuwo. The control samples,
however, tdicate that tihn ~hromiuri-silicon renes ide =g luminum
coating sandwich has better covrosicon resistance than the chr rius
chry mi-alumivae sandeich, The pessibility of galvanic coupling
Jetheen the chrorius-alan s sandwic! in Group 3 rnay explain this
Leovo ) these vater 70 svpdrated by the silic.n monoside

dlelectriv ¢ gtine. 1 colculating the net reflectance, it has
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been assumed that the corrosion for the tested samples was the
same as that incurred by the control samples. However, the
tested sanples probably corroded fuster than the contrel sam-
ples. This nay account for some of the large reflectance lossos
in the 0.625 te 1.0 nicron range measured at EOS relative to
these measured at NASA/Lewis at slightly higher wavelengthis and

immediately after the micrometeorite testing.

Up to wavclengths of 1 micron, the thernal propertics of the
coating materials do not appear to affect sample area de-
gradation as one might expect if a comparison were made betucen
solid target discs nade from the coating materials. The Lhin-
file mechanical and thermal propertics of the ccating raterials

are probably more dominant thaun the bulk thermal properties.

The results described above assnie that the total kinet je eneryy
is the appropriate independent variable.

Whatever the independent variable shonld be, these micrometeorite
tests indicate the importance of testing rvetflectance dewradation in
space at the ecarliest possible date to accurately predict the life ot

reilective solar power sVstens.,
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